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Very often, it is more economical for operators to extend the operation life of existing 
platforms than to build new ones. Platform operators can potentially take advantage the 
beneficial effects of grouting in the reassessment/repair of tubular joints in steel jackets. 
Although it had been recognized that grouting can be an inexpensive and cost-efficient 
means for strengthening & repair in steel jackets, this beneficial structural effect of 
grouting had usually been neglected in design. Moreover, there has been a lack of 
sufficient guidance available in codes, guidance documents or the technical literature, 
for designers to assess the increase in strength. 
The objective of the current research is to extend the understanding of static strength of 
grouted tubular joints, specifically the double-skin grouted X-joints under brace axial 
loading. The in-filled cementitious grout used is the ultra-high strength Densit 
Ducorit® D4. Thirteen double-skin grouted X-joints have undergone ultimate static 
strength testing at National University of Singapore Civil Engineering Structural 
Laboratory; 8 double-skin grouted X-joints under brace axial tension and 5 double-skin 
grouted X-joints under brace axial compression. 
Key characteristics in joint behavior and failure modes, identified from experimental 
observations and the accompanying numerical finite element models, have enabled the 
development of semi-empirical analytical formulations for both brace axial tension and 
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As the primary structure of the fixed platform, the steel jacket is essentially a truss 
space frame below sea level supporting the topside facilities above. The steel jacket 
provides lateral stiffness for the fixed platform so that all vertical gravity loading (dead 
and live loads of the topside and steel jacket) and lateral loadings (wave and wind 
loads acting on the jacket and topsides) are transmitted effectively as axial 
compression and tension, and transverse shear into the pile foundation on the seabed. 
 
Figure 1-1: Fixed platform with steel jacket (right) and welded tubular joint at leg (left) 
In offshore engineering, tubular joints are essentially structural nodal points for tubular 
members made of circular hollow sections. In steel jacket, as in many other frame-like 
structures in offshore engineering, circular hollow sections offer low drag co-efficients, 
and equal bending and buckling resistance in all axes in comparisons to other section 
Brace 
connected to leg 
Leg member 
Pile within leg 





A welded tubular joint is consisted of one or more branch members (braces) welded to 
a continuous main member (chord) of equal or bigger diameter. As an important 
structural component and one of the principal design concerns of steel jackets, the 
main design issues of the tubular joints are the need to design for static strength against 
the incoming brace loadings, and fatigue performance under cyclic loadings.  
As joint behavior can affect the overall structural performance of a steel jacket, 
incorporating the correct joint stiffness into an overall pushover frame analysis is 
necessary for accurate prediction of the entire jacket behavior; Dier (2005). For the 
reserve strength reassessment of jacket structures, the tubular joint has to be considered 
a critical component, as joint failure may occur in a progressive collapse analysis; 
Zettlemoyer (2010). 
In the context of structural reassessment and strengthenging, much attention has been 
given to the methods for strengthening of joints. Although many strengthening 
methods for the tubular joint are available, these methods are very often costly in terms 
of the materials and techniques required. Moreover, many strengthening methods 
which involve welding of stiffener plates tend to introduce undesirable stress 
concentrations that severely reduce the fatigue performance of the tubular joint 
(Marshall 1992). 
Traditionally, cement grout has been used extensively on jackets in pile-to-sleeve 
connections. In offshore jackets, the piles usually passed through the main legs of the 
jackets, and are welded to the jacket at the top of the legs. In addition to the welding at 
the top, the annuluses (spaces between the inside of the leg and outside of the pile) 
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were filled with grout to provide additional connectivity with the legs; see Figure 1-1. 
As grouted tubular joints and members have been around for many years in jackets as 
part of these connections, it was only natural that the idea of cement grouting be 
extended for repair, strengthening, and reassessment. 
A grouted tubular joint is one in which the chord member is filled with a cementitious 
grout material. The chord maybe completely filled (fully-grouted joint), or in the case 
of a pile leg, the annulus between the tubes is filled (double-skin grouted joint); see 
Figure 1-2.  
 
 
Figure 1-2: Grouted tubular joint: fully-grouted tubular joint (left) & double-skin 
grouted tubular joint (right) 
The presence of grout is beneficial to both static strength and fatigue performance of 
the tubular joint. Firstly, the grout increases the radial stiffness and results in 
significant increase in resistance to incoming brace loadings. Secondly, by restricting 
cross-sectional distortion of the chord under the brace loadings, the stress distribution 




In contrast to other strengthening methods, grouting has many additional technical 
benefits in addition to being a viable means for strengthening and enchancing fatigue 
performance (Billington. 1980): increase axial capacity of composite members (much 
greater than the sum of the individual components due to confinement of the grout and 
increased buckling capacity of the steel tubulars); increased resistance to external 
hydrostatic pressure, better energy absorption characteristics against ship collision or 
other impact loadings, and no increase in the environmental loading acting on the 
jacket. 
Although early tests (example, Stallymeyer 1959) had shown that the joint strength 
was significantly improved with grouting, jacket operators had not included the 
beneficial effects during joint design due to lack of data on grouted joint performance. 
Operators only consider these beneficial effects in situations where it was absolutely 
necessary. The Cognac jacket (PMB Engineering Inc. 1976, Liaw et al. 1976, Briggs et 
al. 1977a, 1977b; Kinra et al. 1979) was the earliest example of taking advantage of 
the grout already presented between the pile and chord for reassessment to gain fatigue 
life in the joints. Here, the main concern was fatigue performance due to unanticipated 
high sensitivity to everyday excitation, even under normal wave conditions. 
 
1.2 MOTIVATION 
In recent years, the modification, strengthening and repair of existing offshore 
structures have received significant attention, forming an important and integral part of 
offshore engineering (Zettlemoyer 2010). Although the current trend in oil exploration 
is a progression into deeper waters (requiring more floater type factilities), there are 
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still economic incentives to extend the lifespan of existing fixed platforms beyond the 
original planned service life of 20~30 years.  
One reason is that new technologies like horizontal drilling have enabled many 
developed fields to produce beyond their expected production life. Another reason is 
that many of these old jacket platforms have become peripheral infrastructures to the 
main production platforms in new developments, taking on new operational 
requirements. Very often, existing fixed platforms can be cheap alternatives to the 
building of new facilities in new developments. 
There are several primary reasons for reassessment/repair of existing or old structures 
(Billington. 1981; Harwood et al. 1988): more stringent design standards as codes 
evolved (with better understanding of structural performance/behavior); reassessment 
of environmental loadings (recognition of more severe environmental conditions than 
anticipated at the time of design); an increase in operating load, usually the topside 
loading (due to increase operational requirements); and damage from ship/debris 
impacts. 
During the early days of jacket design when the failure mechanics of tubular joints 
were not fully understood, many old jackets were under-designed with thin chords. As 
design codes are being continually updated with more knowledge and understanding of 
structural behavior, old structures have to be reassessed or strengthened (Marshall 
1992) in order to meet new requirements. 
When fixed platforms change their roles as peripheral infrastructures to the main 
production platforms, modifications are often required on these platforms. Usually 
strengthening and modifications are easily made on the deck structures. For the jacket 
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below the sea level, extensive modifications might be impractical. Thus, strength 
reassessment and fatigue life prediction would need to take into account the beneficial 
effects of the already present in-filled grout in the tubular joints and members. 
There are currently thousands of fixed platforms in the Gulf of Mexico, North Sea, 
Malaysian and Australian waters. For operators with large numbers of existing old 
jackets, these represent a huge need for modification, strengthening and repair.  
Although grout filling in the chord member offers an efficient and cost-effective 
method for strengthening or repair, there was not sufficient guidance available in codes, 
guidance documents or the technical literature, for designers to assess the increase in 
strength (Billington. 1980; Dier. 1996 & 2005; Harwood et al. 1988; National Institute 
of Standards and Technology. 1996; Tebbet et al. 1985).  
Moreover, very few tests had been conducted with systematic variation of the pertinent 
variables needed for the development of design guidance; many tests were conducted 
in response to specific problems (Kinra et al. 1979; Tebbet et al 1979). Therefore, there 
is a need to generate data and relevant information on grouted joint behavior in order 
to develop detailed design guidelines for the practical range of applications and 
parameters.  
To address the increasing engineering and research needs for the “assessment, 
inspection, strengthening/repair, and reuse of structures”, the American Petroluem 
Insitute (API) planned to publish a separate document called API RP2 SIM (Structural 
Integrtiy Management); Zettlemoyer 2010. The API RP2 SIM would focus on the 
research and development of ultimate strength assessments and fatigue calibration of 
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fixed platforms.  
As part of a Joint Industry Project participated by Petronas, a major operator in the 
Malaysian waters, the current research into grouted joints is part of a continuing effort 
to provide relevant data and guidance for the strength assessment of grouted joint. 
 
1.3 OBJECTIVES & SCOPE OF RESEARCH 
The current research focuses on the static strength of the double-skin grouted X-joints 
under brace axial tension and compression. The in-filled cementitious grout used is the 
ultra-high strength Densit Ducorit® D4. The main objectives are as follows: (1) 
expansion of the test databases (experimental and numerical) for double-skin grouted 
joints across the relevant joint parameters for future reference, and (2) development of 
empirical or semi-empirical formulation/s for the possible incorporation into design 
guidance in future. 
To develop any useful empirical or semi-empirical formulation, the identification and 
understanding of governing failure mechanisms are crucial. Unlike the as-welded 
joints and fully-grouted joints, there are more geometric parameters (particularly the 
stiffnesses of the double-skin configuration), and possibly more factors (materials, 
interfacial conditions etc) that can affect the stiffness and strength of double-skin 
grouted joints. 
Although the studies of K-joints are more relevant from both designers’ and operators’ 
point of view (K-joints are usually the joints in the legs of most jacket structures), 
double-skin grouted X-joints under brace axial loading are studied in the current 
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research effort. This is because the X-joint under brace axial loading is considered the 
simplest joint type in terms of geometric configuration, load path, and structural 
response to loading. Moreover, X-joint behaviour and failure modes are well-
documented and comparisons can be made readily. As part of a continuing research 
effort at NUS on static strength of grouted joints, the X-joints represents the most basic 
joint which more future work could be based on. 
The geometric parameters of the test specimens are chosen so that: (1) the relevant 
joint behaviours can be observed and meaningful comparisons can be made across 
geometric parameters, load types (brace axial tension versus compression), and 
grouting types (as-welded versus grouted); (2) comparisons of joint strengths can be 
made with the current guidances; and (3) the load-deformation plots can be used for 
calibration of numerical finite element models. 
Numerical finite element models play several roles in the current research. First, with 
limited test specimens focusing on variation in geoemetric parameters, the numerical 
models can help to assess the other possible factors that maybe significant to joint 
stiffness and strength (grout properties, steel-grout interface etc) through the 
calibration process and sensivity studies. As part of the continuing effort with Densit to 
characteristerize their Ducorit® D4 using the Concrete Damaged Plasticity model, the 
calibration process also serve to verify the relevant model parameters. 
Second, numerical models are valuable tools to extrapolate the experimental 
observations. Stress/deformation patterns can be observed readily in the numerical 
models, and are particularly useful for providing further insights into the load-carrying 




Thirdly, properly calibrated models can serve to extend and supplement test database 
across wider ranges of geometrical parameters, extrapolating the trends already 
observed in the test results, and providing verifications for any new formulations been 
developed. 
 
1.4 CONTENTS OF THESIS 
The contents of the current research are divided into 8 chapters. Chapter 1 provides 
background and motiviation for research into grouted joints. The objective and scope 
are outlined here. 
Chapter 1 provides general information on as-welded joint behavior; particularly the 
X-joints under brace axial loading and the associated failure models. An overall 
literature survey of past researches on the grouted joint highlights the areas needing 
researching. Since numerical finite element analysis is important to the current 
research, past usage of finite element analysis on tubular joints are also briefly 
described. Finally, strength formulations from current guidance on as-welded and 
grouted joints are described. 
Chapter 2 describes the test program for the static strength tests for double-grouted X-
joints under brace axial loadings. The physical set-up, rationale for choice of test 
specimens, instrumentations during testing, measurements on specimens, material 
testing, and testing procedures for the joints are elaborated. 
Chapter 1 describes the main findings from the experiments. Comparisons of the load-
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deformation plots across relevant geometric parameters and grouting types are made, 
and the key differences in joint behavior between double-skin grouted X-joints, and the 
corresponding as-welded and fully-grouted counterparts. Finally, the strengths are 
compared with predictions from current guidances.   
Chapter 4 gives detailed descriptions of the finite element models. Aspects of the 
material models, particularly the Concrete Damaged Plasticity model, are described in 
detail. Sensitivity studies are made on the relevant parameters before a set of 
parameters is finalized for use in the subsequent analyses. 
Through the use of numerical models to extrapolate experimental observations, 
Chapters 1 and 1 describes the new strength formulations for brace axial compression 
and tension respectively. The Continuum Damage Mechanics model, pioneered by 
Chen (2010) for prediction of crack initiation in tubular joints, is utilized in Chapter 1. 
The numerical analyses are done across the relevant range of geometric parameters to 
validate the new formulations. 
Chapter 7 concludes the research done so far, and possible future directions to be 
pursued in the area of static strength of double-skin grouted joints. 
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2 LITERATURE REVIEW 
2.1 INTRODUCTION 
Before any meaningful discussion can be made on the grouted joints, it is useful to 
review some concepts regarding joint classifications (joint types), general as-welded 
joint behavior, failure modes, and strength definitions. Since the X-joint forms the 
basis for examining joint behavior of the double-skin grouted joints, the strength 
equations and analytical models of X-joints are briefly surveyed for the understanding 
of the main mechanics under brace axial loading. 
A brief survey of past researches on grouted joints (both fully-grouted and double-skin 
grouted) is done. Since numerical finite element analysis plays an important role in the 
current research, a brief survery of some of the numerical finite element work that have 
been done in the area of tubular joint research is done. Finally, the current guidances 
for static strength of grouted joints are briefly discussed. 
 
2.2 BASIC INFORMATION ON TUBULAR JOINTS 
2.2.1 Basic Joint Geometry 
A welded tubular joint consists of one or more branch members (braces) welded to a 
continuous main member (chord) of equal or bigger diameter. In the context of fixed 
offshore structures, design of tubular joints mainly involves members made of circular 
hollow sections (CHS); see API-RP2A 21st edition (2000); AWS D1.1 (1998); 
CIDECT (2008) and ISO 19902 (2007). 
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A tubular joint can be reinforced either externally by gussets, diaphragms, stiffeners, 
collar plates, or internally by grouting of the chord (either in the annulus, or both 
annulus and pile). In most design codes, a simple tubular joint is referred to as a 
tubular joint that is not reinforced in any way. For the purpose of differentiating from 
grouted joints, the term as-welded joint is used to refer to the simple tubular joint. 
 
Figure 2-1: Tubular joint with associated dimensions and geometric parameters 
The following dimensions are used to describe the tubular joint: d0 & t0 (for the chord), 
di & ti (for the brace), θi, and g; see Figure 2-1. For purposes of generalizing results 
from one situation to another, scaling up results of scale models, and relating how the 












































dimensional geometric parameters are used in the tubular joint designs: β, 2γ, and τ. β 
and 2γ are the most important non-dimensional joint parameters affecting joint 
behavior and strength in as-welded joints. In addition to β and 2γ, g/d0 in gap K-joints 
affects the load transfer mechanism between the braces. In the case of the double-skin 
grouted joints, there are additional 2 non-dimensional geometric parameters: 2γg (the 
ratio of grout diameter to grout thickness), and 2γp (the ratio of pile diameter to pile 
thickness); see Figure 2-1. 
2.2.2 Joint Classification 
Tubular joints are classified according to both their geometry and brace axial loadings. 
Depending on whether all braces lie in one or more planes, a joint can either be 
uniplanar (single plane) or multiplanar (2 or more planes). 
Although designing for multiplanar joints is unavoidable in steel jackets, the strength 
equations in design codes are based directly on uniplanar joints. For the multiplanar 
joints, there are simply too many combinations of geometries and brace loadings for 
any parametric design formulations to be developed systematically (Marshall. 1992). It 
must be noted that design codes do recognize the importance of multiplanar actions. In 
the API-RP2A (2000); AWS D1.1 (1998); and ISO (2007) for example, an ovalizing 
parameter calculated for each incoming brace to a multiplanar joint, indicates the 
appropriate equivalent uniplanar joint strength equation to be used. One can refer to 
works of van der Vegte (1995), Paul et al (1993), Lee et al (1996), and Lee et al (1999) 
for further reading on multiplanar joints. 
Uniplanar joints, on the other hand, can be classified into 3~4 basic joint types based 
on their joint geometry and brace axial loading. Multiplanar or complicated joints are 
Chapter 2 
 14 
then designed as combinations of these basic types. In API-RP2A (2000); AWS D1.1 
(1998); CIDECT (2008) and ISO (2007), strength equations are based on 3 basic 
uniplanar joint types: T/Y-, DT/X-, and gap K-joints; see Figure 2-2. 
 
Figure 2-2: Basic uniplanar joint types 
In the T/Y-joint, the component of the brace axial load perpendicular to the chord axis 
is balanced by chord shear. In the DT/X-joint, the braces are at opposite sides of the 
joint, and the brace load is transmitted across the chord. In the gap K-joint, the braces 
are on the same side of the joint, and the components of the brace axial loads 
perpendicular to the chord axis balanced each other out. 
By classifying joints according to their joint geometry and associated action effects 
(the direction and type of incoming brace loads), strength equations which are 
reflective of the corresponding joint behaviors and failure modes, can be developed 
systematically (Yura et al. 1980; Healy et al. 1993; Lalani et al. 1994). Many tests have 
been undertaken for these basic joint types, and strength equations have been and are 
being developed and refined empirically / semi-empirically over decades of test data. 









































well documented, these clearly form the basis for examining DSG joints. 
 
2.3 REVIEW OF AS-WELDED JOINT BEHAVIOR & FAILURE 
MODES 
2.3.1 General Overview 
In the pioneering days of offshore jacket constructions when the tubular joint behavior 
had not been fully appreciated, many designers had been tempted to take a simplistic 
view that, with adequate member designs, a full penetration weld would be sufficient 
(Marshall. 1992).  
When the incoming brace loads (either as brace axial, brace moments, or both) acts on 
the chord, the resulting stress pattern and load transfer are complex. Depending on the 
joint type, geometrical parameters (β, 2γ, and to lesser extent, τ), and loading type, the 
following failure modes are possible: local brace failure (due to high stresses in brace 
walls), weld failure, lamellar tearing (for thick chord wall under through thickness 
tensile stresses), local buckling of brace/chord wall (due to high compressive stresses), 
punching shear, chord plastification, and chord shear (for gap K-joints with β near 1.0); 
Pan et al. (1976), Lalani et al. (1994), Wardenier et al. (2010), and Marshall. (1992). 
In current design guidance/codes, the geometrical parameters are kept within certain 
validity ranges to ensure that local brace failure and local buckling of brace/chord wall 
are prevented. (A summary of the validity ranges for the different design 
guidance/codes can be found in Offshore Technology Report 2001/082; BOMEL 
Limited. 2001). Welds should not be part of consideration in joint strength as they are 
Chapter 2 
 16 
supposed to be designed stronger than the incoming brace. Lamellar tearing is no 
longer an issue with the use of low sulphur content steels. Therefore, strength 
equations are based on only punching shear, chord plastification, and chord shear. 
Incoming brace loads are assumed to be transmitted into the chord via shear on the 
chord wall around the brace foot print (along the weld toe). Joint strength can be seen 
as the chord’s ability to resist this incoming ‘punching shear’, and joint failure can 
occur either as ductile fracture of the chord wall along the weld toe due to this assumed 
shear action, or excessive plastic deformations of the joint under this ‘punching shear’ 
(loss of strength due to these deformations) i.e. chord plastification. 
CIDECT specifically refers punching shear failure to the ductile fracture of the chord 
wall; see Figure 2-3 (a). Experimental observations (Pan et al. 1976; Yura. 1980; 
Kurobane et al. 1984) showed that punching shear failure occurs either under brace 
axial tension, or on the tensile side of brace moments. 
 
 
(a) Punching Shear Failure 
(CIDECT. 2008) 
(b) Punching Shear Equation 
Figure 2-3: Chord punching shear failure 













stress distribution around the shear parameter, and failure occurs when the shear 


















p = (or 
0yp F58.0v ⋅= ). 
AS joints rarely fail at the load predicted by equation (2-1); this can be verified easily 
by comparing with the strength equations in guidance/codes. This is because the actual 
stress distribution around the brace foot print, and hence the load transfer, are not 
evenly distributed.  
Elastic stress analyses based on closed ring solutions (Dundrova. 1966 and Bowkamp. 
1966) had shown that, for T/Y-joints under brace axial loading, stresses are generally 
higher at the saddle positions where the chord radial stiffness is higher. Early elastic 
finite element analyses using solid elements (Liaw et al. 1976) show that, for gap K-
joints under brace axial load, part of the load transfer occurs between the braces at the 





(a) T-joint under brace axial load;  
 
(b) T-joint under brace out-of-plane 
bending;  
 
(c) T-joint under brace in-plane 
bending;  
 
(d) Y-joint, with θ>40°, under brace 
axial load;  
 
(e) Y-joint, with θ<30°, under brace 
axial load;  
 
(f) gap K-joint with balanced brace 
axial load; and  
 
(g) KT-joint with central brace not 
loaded 
Figure 2-4: Typical locations of stress concentrations (Marshall, 1992) 
Although shear is the main load transfer action at the chord-brace intersection, the 
chord wall at the joint is also under significant amounts of bending action in response 
to the incoming brace load. Before the joint reaches its maximum load, parts of the 
chord would have undergone significant yielding and plastic deformation due to these 
bending stresses. Increasing brace load and yielding results in stress re-distribution and 
the plastic deformation becomes more extensive; i.e. chord plastification. Material 
non-linearity and secondary effects (membrane action and secondary moments) due to 
the large deformation come into play. 
The bending action within the chord wall usually cause significant overall cross-
sectional distortion, or chord ovalization; see Figure 2-5 (a). This type of plastification 
can be observed readily in X-joints under brace axial load (Togo. 1967; Pan et al. 1976; 
Yura et al. 1980; Morita et al. 1996; Chen. 2010); and T-joints under brace axial 




(a) Chord Ovalization 
(Choo et al. 2005) 
(b) Chord Face Plastification 
(CIDECT. 2008) 
Figure 2-5: Chord plastification 
Other than chord ovalization, parts of the chord wall around the brace foot print also 
experience plastification. Yielding usually starts at locations with the most severe 
stress concentration, and plastic deformation of chord spreads around the brace foot 
print, resulting in chord face plastification; see Figure 2-5 (b). This type of 
plastification can be observed under the compression brace in K-joints (Kurobane et al. 
1990) and brace axial compression on X-joints (Pan et al 1976), and T-joints (Choo et 
al. 2005). 
Chord shear failure is a particular type of chord plastification for K-joints with β near 
1.0 or X-joints with very small θ. Generally, part of the brace load is transmitted 
through the gap region between the brace, with the rest of the load by shear action 
across the entire chord cross-section. In the case of β1.0, joint failure may occur 
when the shear action cause the entire cross-section between the braces to yield and 
undergo severe plastic deformation. 
Chord plastification usually consists of a mix of both chord ovalization and chord face 





and may change over the entire range of geometric parameters even for a particular 
joint type and loading. Although analytical models for different failure modes 
(punching shear and chord plastification) are available, it is not possible to reflect joint 
failure over the entire range of geometric parameters (Kurobane et al. 1984; Marshall 
1992; Dutta 2002). Hence, all strength equations in design guidance/codes are derived 
either empirically (Pan et al. 1976; Yura. 1980) or semi-empirically (Togo. 1967; 
Kurokane et al. 1984); established by regression usually as a lower bound fit with 
available test data. 
The first strength equation to be considered widely reliable for engineering design was 
developed by Marshall. Joint strength is expressed in terms of allowable punching 
shear stress, rather than brace loading. Not to be confused with equation (2-1), 
Marshall’s strength equation was semi-empirically derived from the Kellogg equation 
(used to estimate stresses at tubular intersections in pressure piping) by doing a lower 
bound fit with available test data. Since the test data encompassed the known typical 
failure modes, the strength equation was considered to be reflective of actual joint 
strengths. 
As more tests were done on individual joint types, the strength equations for different 
joint types were developed; reflecting the increasing knowledge of joint behaviors and 
failure modes specific to different joint types. In most current guidance/codes, the joint 































0yF  : chord yield stress 
uQ  : ultimate strength factor 
fQ  : chord stress factor 
FS  : factor of safety (set to 1 for purpose of comparison with results) 
 
In ISO 19902 (2007), RP  (or RM ) is referred to the representative joint strength, and 
is the product of the chord parameters ( 200y tF ⋅ ), and the non-dimensional factors, uQ  
& fQ . The chord stress factor, fQ , is to account for the drop in joint strength due to 
primary member stresses in the chord. RP  (or RM ) may also be referred to as the 
characteristic strength. 
Since 200y tF ⋅  is directly related to the plastic bending capacity of the chord wall, the 
importance of the chord wall properties is directly emphasized in equation (2-2). For 
an AS joint with an incoming brace at °=θ 90  and zero chord stress ( 0.1Qf = ), the 







        (2-3) 
By normalizing test results with 200y tF ⋅ , trends of joint strength across the geometric 
parameters (β, 2γ, and g/d0) for each joint type and brace loading can be examined, in 
order for empirical/semi-empirical forms of uQ  and fQ  to be established. 
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2.3.2 As-welded X-joint 
 
Figure 2-6: Load path and resulting stress concentration in X-joint (Chen. 2010) 
The X-joint is chosen as the main focus of the current research effort because, among 
the joint types, the load transfer of the X-joint is considered the most straightforward, 
especially for brace with °=θ 90  under axial loads; see Figure 2-6. Experimental 
conditions needed for the direct load path in the X-joint are easier to set up than those 
for the T/Y- and K- joints. 
2.3.2.1 Joint Behavior and Failure 
In terms of joint behavior, because the chord has to resist incoming brace axial loads 
from opposite sides, there is tendency for chord ovalization (Lalani et al. 1994). Chord 
ovalization is clearly evident in tests for both axial brace tension (Pan et al. 1976; Yura 
et al. 1980; Chen. 2010) and compression (Morita et al. 1996). In additional to chord 
ovalization, chord face plastification is also evident for axial brace compression (Pan et 
al 1976; Makino et al. 1990; Soh et al. 2000). 
Chen’s experiments (Chen. 2010) show that for X-joint at β=0.7 under brace axial 
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tension, the chord undergoes large amounts of ovalization. Yielding is first observed at 
the centre of the joint, and extends along the length of the chord. Bending action with 
eventually increasing membrane action, are present as the chord wall between the 
saddles become straightened and stretched in the direction of the braces.  
Crack initiation occurs at the saddle point on the chord after significant amounts of 
ovalization. Loading proceeds until the crack develops into a through thickness crack 
(final failure is punching shear). The direction of crack propagation along the chord-
brace intersection is consistent with the shear action of load transfer from brace to 
chord.  
2.3.2.2 Analytical Models 
The analytical models for as-welded X-joints under brace axial load are based on either 
chord ovalization or chord face plastification failure. These models assume a particular 
plastic collapse mechanism of the chord, usually having bending moment as the 
dominate action effect. The plastic moment capacity of the chord wall is used: 
2
00y0 tF4
1M ⋅⋅=   (plastic bending capacity per unit width)   (2-4) 
Chord ovalization can be analyzed by assuming an effective length ( effB ) of chord 
behaving as a closed ring resisting the incoming brace load (axial tension or 
compression). Developed by Togo (1967), the Ring Model for X-joint assumes a 6-
hinge collapse mechanism for chord ovalization (4 hinges at the saddle and 2 hinges at 
the meridians); see Figure 2-7. The brace axial load is approximated as a pair of line 
loads at the saddles. This approximation is considered to be reasonable since stress 
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concentration is the highest at the saddle locations, especially for the °=θ 90  joints.  
Neglecting the influence of axial and shear action in the chord wall, and taking only 
moment equilibrium: 



































        (2-6) 
 
Figure 2-7: Simple Ring model for chord ovalization in X-joint; bending moment is the 
dominate action in chord wall 
Chord face plastification (only for brace axial compression) is analyzed using the 


































section, only the portion of the chord around the brace foot print undergoes plastic 
collapse; see Figure 2-8 (a). The brace axial load is found by taking energy balance 
(external work by brace load = internal plastic work by yield area). 
  
(a) yield line pattern (b) length and width of yield area 
Figure 2-8: Yield line analysis for chord face plastification; (Makino et al. 1990) 
In Makino’s model, the yield area represented by an ellipsoid, is determined by finding 
the minimum solution. For β > 0.3~0.4, the width of yielding would be almost the 
entire chord diameter: increasingly more cross-sectional distortion (ovalization) as β-
ratio increases; see Figure 2-8 (b). Despite attempts to verify the yield line models with 
experimental data (Makino et al. 1990; Soh et al. 2000), strength equations in explicit 
forms are extremely difficult to derive for further modification into semi-empirical 
forms. 
Ring models are usually preferred for forming strength equations because of simplicity 
of the formulation. Moreover, two aspects of equations (2-6) require experimental data 
for verification, making the ring model formulation semi-empirical in nature. First, the 
effective length ( effB ) has to be determined experimentally, and is known to vary 
between 0.3~5.2dB 0eff =  depending on β-ratio (Wardenier et al. 2010). However, 
for simplicity, many researches on the ring model maintain a constant 0eff dB . 
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Second, equation (2-6) over-predicts strength at large β-ratios. There are 2 reasons for 
this. One is the simplification of the brace axial load as a pair of line loads acting at the 
saddles. Although a major portion of the brace axial load is transmitted at the saddle 
location, parts of the load transferred are also occurring between the saddle and crown 
positions. The “average” position of the line load from the centerline of the joint is less 
than the assumed 2d1 . Thus, the actual moment arm is ( ) ( ) 212c1 1 β−>β− , 






























Two: at large β-ratios, the distance between the opposite saddles are close enough for 
direct load transfer via axial stresses in the chord wall. van der Vegte (1995) took into 
account the axial and shear actions in the chord wall at the plastic hinges and derived a 
more exact equation for the ring model: 




















  (van der Vegte. 1995) 
          (2-8) 
Although equation (2-8) does not approach infinity as β-ratio approaches 1.0, further 
modifications are still required to accommodate 4 constants in order to fit with 
experimental data, making regression analysis cumbersome: 
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(van der Vegte. 1995)        (2-8a) 
Equation (2-7a), on the other hand, can be used easily for semi-empirical formulation, 
with 0eff dB and 1c  as constants to be determined by experimental data. This was 
originally done by Togo et al. (1967): 

















 (Togo 1967)    (2-7a) 
The trend for joint strength across β-ratio was well captured in (2-7a). In particular, the 
basis of the β-influence factor ( bQ ) in the Marshall Equation (AWS 1972) came from 
Togo (1967)’s work ( 833.0c1 = ), and the β-influence factor ( bQ ) is still in use in 
many current design guidance/codes. 
The influence on X-joint strength of γ–ratio is less significant than that of β-ratio. Yura 
et al. (1980) excluded γ–ratio in the empirical strength equations of X-joints in the 
RP2A 14th edition. Some researchers attempted to incorporate γ–ratio in their X-joint 
strength equations (Pan et al. 1976; Kurobane et al 1984; van der Vegte. 1995). The 
modifications from (2-8) to (2-8a) was in part to incorporate the influence of γ–ratio. 
Kurobane et al. (1984) incorporate γ–ratio simply by multiplying with a ( ) 2c2 γ⋅ term to 
the ring model (2-7b). 
2.3.3 Failure Criteria & Joint Strength 
RP  ( uQ  & fQ ) is usually derived empirically (or semi-empirically) as a lower bound 
Chapter 2 
 28 
fit to available databases (experimental and numerical); Yura et al (1980), Lalani et al 
(1994), Dier (2005) etc. The ultimate joint strength uP  refers to the load taken when 
the joint is deemed to reach failure. As joint behavior and failure modes vary across 
joint types and geometrical parameters, a consistent way to extract the appropriate 
reference load as joint strength uP  from the load-deformation plots has to be adopted 
when screening test data. 
Generally, for design guidance/codes, uP  has been based on 3 failure criteria: (1) first 
observable peak load in the load-deformation plot; (2) load at the appearance of the 
first crack if there was no observable peak; and (3) load at a predefined deformation 
limit if the joint did not have any observable peak or cracking before this deformation 
limit is reached. 
The first 2 criteria are rather straightforward to apply. Design guidance/codes differ in 
their choice of deformation limit. API RP2A adopts the Yura’s deformation limit 
























The Yura’s deformation limit is taken as 2 times the brace elongation at yield (function 
of brace length and Young’s Modulus). Since brace lengths differed from tests to tests, 
11 d30l ⋅=  was chosen (member length of 30 times diameter is considered an upper 
limit for jacket structures) so that the deformation limit is dependent on the brace 
diameter; see equation (2-9a). CIDECT uses another deformation limit which is 
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To be consistent to earlier researches carried out in NUS (Choo et al. 2005; Chen 
2010), the Lu’s deformation limit is adopted. Lu’s deformation limit is considered to 
be a more consistent way of definition because it is independent of brace diameter (or 
length). Moreover, Lu’s deformation limit has been based on a wide range of 
experimental observations on both CHS and RHS (rectangular hollow sections) which 
shown that the maximum/peak loads usually occurred at about 2.5-4% of chord 
deformations.  
Both equations (2-9a) and (2-10a) gives the chord deformation under one particular 
brace on the joint. In the case of the X-joint under brace axial load, it is more 
appropriate to use equations (2-9b) and (2-10b) since the resulting overall chord 




2.4 PREVIOUS RESEARCH ON GROUTED JOINTS 
Although grouted tubular joints have been around for many years as jacket-to-pile 
connections, and are known to be beneficial to joint strengths; it was only in the late 
1970s and early 1980s that the factors affecting the static strength and fatigue 
performance of these connections had been systematically looked into; Billington 
(1981). 
Many early researches (Briggs et al. 1977a, 1977b; Grigory 1970, 1974) have been 
conducted on joints with geometries specific to existing offshore platform joints that 
required strengthening. Some early researches (Stallmeyer 1959; Bouwkamp 1968, 
1976) which were not specific to any existing platform, attempted to provide valuable 
insights into the static strength and fatigue performance of grouted joints, but lacked 
the generality required for guidance development in the practical range of geometries. 
A notable series of studies (PMB Engineering Inc. 1976, Liaw et al. 1976, Briggs et al. 
1977a, 1977b; Kinra et al. 1979) involved both experimental and numerical stress 
analyses on DSG K-joints with the same geometry as those from the Cognac jacket. 
Numerical models incorporating the effects of steel-grout interfacial contact show 
significant reduction in stress concentrations, and a difference in load transfer for brace 
axial tension and compression was observed. Higher stress concentrations under brace 
axial tension were due to initial separation of chord wall and grout over the area 
beneath the brace foot print. For brace axial compression, no separation occurred and 
part of the brace load went directly into the grout and pile. Brown et al (1989) made 
the same observations on experimental stress analyses of FG K-joints under brace axial 
tension and compression loadings. 
Chapter 2 
 31 
Tebbett et al. (1979) conducted a series of ultimate strength tests on 10 T-joints (5 AS 
joints and 5 FG joints) under in-plane bending, and axial tension and axial 
compression at the Wimpey Laboratories. Significant strength enhancements were 
gained by grouting, but to varying degrees depending on the loading; 77% increase 
under brace in-plane bending, and 573% and 73% increase under brace axial 
compression and tension respectively.  
The rigid grout altered the mechanism of failure: ovalization became negligible, and 
chord deformations are localized to regions on the tensile side of the brace loading. 
Punching shear failure was considered the main failure mechanism if tensile brace 
stresses are present. For brace axial compression, the rigid grout always guaranteed 
brace failure/ buckling. Lalani et al (1985) also reported simiar differences in strength 
enhancements between brace axial tension and compression for FG K-joint. Similar 
failure modes were also observed by Maersk (1999) on 4 FG X-joints and 1 DSG X-
joint under brace axial loads. 
The test program (Veritec Report No. 84-3564) by DNV in 1984 represented the first 
systematic study on DSG joints (9 X-joints, 4 T-joints, 2 K-joints and 2 Y-joints; under 
mainly axial loadings). Although the test program focused mainly on stress analyses 
(experimental and numerical) and fatigue tests, two modes of failure were observed 
from the few ultimate strength tests conducted: chord wall fracture under brace axial 
tension and chord ovalization under brace axial compression.  
The test results supported the use of the punching shear equation (2-1) under brace 
axial tension, but its validity had not been tested across a wide range of geometric 
parameters.  Unlike the FG joints in which brace failure mainly governs under brace 
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axial compression, the DSG joints undergo chord ovalization. The DNV tests were the 
only test series that supports the use of the equivalent thickness approach for strength 
prediction. In this method, the DSG joint is converted into an equivalent AS joint for 
which an equivalent thickness is calculated based on the plastic bending capacities of 






eq ttt +=           (2-11) 
This implicitly assumes the same failure modes as the corresponding AS joints. The 
strength of the DSG joint is then calculated using the strength factors of the 
corresponding AS joint type: 
2
eq0yuR tFQP ⋅⋅=          (2-12) 
Although this formulation takes into account the contribution of the pile bending into 
the joint strength for DSG joints under brace axial compression, the predictions still err 
significantly on the conservative side. 
Trinh et al. (1994) made similar observations for the 14 DSG T- and X-joints tested for 
static strength and fatigue, and summarized that: (1) the grouted joint behavior can be 
attributed to different responses to tension and compression; and (2) failure always 
started from the tensile zone of a joint. Rather than using equation (2-11) for the 
calculation of the equivalent thickness for the DSG joint, an equivalent thickness based 
on the elastic bending stiffness of the circular tubulars was used: 
















           (2-13) 
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Although grout stiffness has been taken into account in equation (2-13), under-
predictions are significant. Strength increase under brace axial compression indicated 
that the confined grout behaved better during loading due to the confinement on 
volume deformation. However, equation (2-11) rather than (2-13), is considered to be 
more suited for strength factors because of mainly plastic deformations at ultimate 
strength; Marshalll (1992). 
The Joint Industry Project (JIP) in 1997 by MSL Engineering Limit (MSL Engineering 
Limited. 1997; Morahan et al. 1996, 2002) represented a first major effort to provide 
test data for FG joints with a range of geometric parameters wide enough to produce 
proper design guidelines. Although the focus is mainly on SCF measurements in brace 
axial tension, compression, in-plane and out-of-plane bending, the resulting ultimate 
strength formulation for brace axial tension which is similar to punching shear 
equation (2-1), became part of the grouted formulation in API RP2A (2007) and ISO 
19902 (2007). Instead of using the actual chord shear strength Fy0/√3, it uses 0.4Fy0, 
giving the formulation a lower strength prediction than the punching shear prediction. 
Although the formulation errs on the conservative side for the FG joints, it is 
considered an improvement over existing AS formulations. 
Chen’s PhD work (Chen. 2010) on FG X-joints (6 FG and 6 AS) made significant 
improvements over both punching shear and MSL formulations. Based on the 
observed localized chord deformations along the chord-brace intersection and crack 
pattern at the saddles of the FG X-joints under brace axial tension and in-plane 
bending, Chen’s formulation assumes the load transfer between the brace and chord 
wall to be consisted of both membrane and shear action. The resulting modified 
punching shear predictions provide a closer prediction of the actual failure of the 
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FG X-joints under brace axial tension and in-plane bending, and are validated by 
numerical analyses using the Continuum Damage Model for prediction of crack 
initiation. 
Although many tests had provided valuable insights regarding grouted joint behavior, 
the lack of variations in some of the geometric parameters meant that many tests lack 
the generality required to develop design guidance for the DSG joints. The MSL test 
program and Chen’s work are exclusively on FG joints.  
Although a rather comprehensive test program of 60 grouted joints (mainly FG joints 
with varying β and γ ratios; only 2 DSG joints tested) had been tested at the Wimpey 
Laboratories (Tebbett et al. 1982) as a follow-up to the 1979 tests, the complete test 
data have not been available in the public domain up to this date. Variations of β and γ 
were done by the DNV (1984) tests, but these were mainly for the stress analyses. 
Moreover, there was no variation in the grout and pile geometric parameters i.e. 2γg 
and 2γp. Only one set of β and 2γ ratio was tested by Trinh et al. (1994). 
 
2.5 NON-LINEAR FINITIE ELEMENT ANALYSES 
Finite element analyses, incorporating geometric and material non-linearities, are 
increasingly being employed in the field of tubular joints (van der Vegte et al. 2010). 
When the appropriate material properties are input, non-linear finite element analyses 
are particularly well suited for predicting AS joint failures involving plastification. 
When properly calibrated with experimental data, numerical finite element solutions 
are known to be “reliable, relatively low cost source of static strength data which can 
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be used to supplement and extend the experimental database” (Pecknold et al. 2005); 
thus, enhancing the accuracy of the strength equations and filling gaps in existing 
databases. 
The numerical modeling work by Healy et al. (1993) is an example of the early 
attempts to use numerical database to supplement existing test database (T/Y-joints 
under in-plane bending) so that the strength equations from the current guidances of 
the time can be verified over a wider range of β and 2γ. 
In the new API RP2A 22nd edition (Karsan et al. 2005; Pecknold et al. 2005), the 
tubular joint strength design provisions (for AS joints) were updated not just with new 
test database, but more importantly, with extensive numerical databases developed for 
areas in which the test database was lacking. 
There has been a lack of thick-walled joints in most test databases, and strength 
equations in guidance/codes can only adequately predict joint strengths for thickness 
up to 2γ≥20. Choo et al. (2003a) used calibrated finite element models to examine the 
joint behavior and load-deformation characteristics of thick-walled X-joints (2γ<14), 
resulting in a new approach in strength definition for thick-walled joints. The 
numerical studies are extended to thick-walled X-joints subjected to brace moments 
(Qian et al. 2007), and to chord stress effects for thick-walled X-joint (Choo et al. 
2003b; 2004). 
Finite element models are especially useful for load types or boundary conditions 
which are difficult to achieve in experimental set-ups: multiplanar joints, chord stress 
effects, combined brace axial & moment loads, and joint-frame interactions. Vegte, 
van der (1995) calibrated his finite element models using experimental results on 
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uniplanar X- & T-joints, and multiplanar XX-joints; and extended the numerical 
studies to multiplanar XX-, TX- and TT-joints. 
Finite element models of joints can be incorporated into the overall frame analyses (e.g. 
Souissi. 1990) to provide accurate push-over analyses, and to obtain correct member 
forces for member designs. Conversely, finite element joint models within an overall 
frame analysis can enable the studying of possible effects of frame behavior on joint 
behavior and strength (Connelly et al. 1990; Choo et al. 2006). For grouted joints, 
Tebbet (1982) advocated grouted joint modeling within frame analyses to study the 
changes in frame behavior due to grouting of joints. 
Deformation patterns and stress contour plots from finite element models are 
particularly useful for examining joint behaviors. Numerical models of double/collar 
plate T-joints were compared and examined with actual test specimens in order to 
understand the effectiveness of the 2 strengthening systems (van der Vegte et al. 2005). 
Choo et al (2003b) noted the differences in load transfer between thin-walled and 
thick-walled X-joints observing where yielding originated in the chord wall. 
Without modeling of ductile fracture of steel means that joint failure by chord fracture 
under partially or wholly brace axial tension could not be predicted (van der Vegte. 
2010). Advanced material models are required for the the ductile fracture phenomen in 
steel. Qian et al (2005) use the Gurson Model to predict the load-deformation of 
various types of AS joints under brace tension (either bending or axial). Chen (2010)’s 
work on the FG X-joints under brace axial tension is based on the Continuum Damage 
Mechanics (CDM) model developed by Lemaitre (1983). In the CDM model, damage 
is represented by a scalar quantity ranging from 0 (no damage) to 1 (full damage). 
Chapter 2 
 37 
For FG joints, both Chen (2010)’s and Shen (2010)’s work represent the most detailed 
numerical finite element analyses to date, incorporating material non-linearities in both 
steel and concrete, and Coulomb friction at the steel-grout interface. Numerical results 
serve to extend and extrapolate the observed trends in the experimental results. Chen’s 
models are able to predict the loads at crack initiation, which serve as the reference 
load for joint strength in FG X-joints (FG joints exhibit significantly less ductile 
behavior than the AS joints). Shen did numerous sensivity studies with numerical 
models, identifying key factors that affect the stress analysis of the FG joints. 
For the DSG joints, the numerical stress analyses by Liaw et al (1976) & PMB 
Engineering Inc (1976) on the DSG K-joints from the Cognac jacket, and the stress 
analyses by DNV (1984) represented the most detailed numerical finite element 
analyses to date. The most important aspect of the numerical studies was the attempt to 
model the non-linear nature of the steel-grout interface.  
In the PMB studies, the effects of cement bond and Coulomb friction were modeled at 
the interface. For comparison, several bonding/disbonding scenarios were studied 
numerically. In the most time-consuming case computationally, there was no initial 
disbonding and any disbonding would have been caused by the brace action on the 
chord. In a somewhat intermediate case, initial disbonding with gap was assumed to be 
in a portion of area around the braces. The measured stress distributions from the 
experiments showed the closest agreement with the second case where initial 
disbonding was assumed. Only Coulomb friction was modeled in the DNV studies, 
and gap had been assumed in an area around the brace footprint. The numerical stress 
results were generally in agreement with the test results. 
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Since the time of these PMB and DNV studies, numerical finite element analysis 
packages have improved significantly with efficient solvers to incorporate advanced 
material models (either for ductile fracture in steel, or for strain-softening and damage 
in concrete), and Coulomb friction at the intefaces. In a related structure: the pile-in-
sleeve grouted connections in monopiles, numerical models incorporating Coulomb 
friction at the steel-grout intefaces have been used for strength prediction in these 
structures; DNV (2007 & 2010) and Andersen et al (2004). Nautic Offshore, a major 
manufacturer of grout used for offshore structure, has been characterizing their high-
strength materials using the Concrete Damaged Plasticity model available in ABAQUS. 
 
2.6 CURRENT GUIDANCE 
2.6.1 As-welded Joint 
In most current guidance/codes, the AS joint strength is expressed more commonly in 
terms of allowable brace loading (or design joint strength) i.e. equation (2-2). For 
brace axial load, the design joint strength is: 













allowable     (2-14) 
The factors, uQ  and fQ  depends on the joint type (T/Y-, K- & X-joints) and loading. 
Table 2-1 summarizes the chord strength factors given in API RP2A (2007) and ISO 
19902 (2007) for AS X-joint under brace axial loading. It can be seen from the table, 
the two standards give the same predictions for the X-joint. Thus, the ISO formulation 
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would be used for the AS joint strength throughout. 
Table 2-1: Strength factor Qu for X-joint 
Standard Compression Tension 
API-RP2A (2007) 
ISO 19902 (2007) 
( )[ ] ββγ++ Q1.0128.2  
β23  for β≤0.9 
else 













Qb        (2-15) 
The corresponding chord stress factor without the safety factors for AS X-joint in ISO 










































P6.01Q     (2-16) 
Where CP  and CM  are the nominal axial load and bending resultant in the chord; YP  is 
the yield axial capacity of the chord and YM  is the plastic moment capacity in the 
chord. 
Although the test results by DNV (1984) had shown the adequacy of the punching 
shear equation (2-1) for DSG X-joints under brace axial tension, none of the current 
guideline has made this formulation available for DSG X-joints. 
2.6.2 Grouted joint 
The provisions of the major design codes on any aspect of grouted joints are limited.  
Based on the test results conducted by MSL (1997), a grouted joint criterion is 
addressed for the first time in API RP2A (2007) and ISO 19902 (2007).  
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The grouted joint formulation is similar to the punching shear equation except that 
instead of using the actual chord shear strength Fy0/√3, it uses 0.4Fy0, giving the 
grouted joint formulation a lower strength prediction than the punching shear 
prediction:  
2










It must be noted that both API and ISO do not state if the equation (2-17) is specific to 
the FG or DSG joint. For the FG X-joints under brace axial tension and brace in-plane 
bending, Chen (2010) formulations are found to give better predictions. 
In the ISO (2007), the DSG joint strength must also be determined by the Equivalent 
Thickness method i.e. equation (2-11). The original Qu factors in Table 2-1 are then 
applied to the equivalent thickness. The γ value in the Qu factor is also based on the 
equivalent thickness, not the original chord thickness. Static strength is then taken to 
be the lower of (1) strength calculated from the original ultimate as-welded strength 
factors using the effective thickness, and (2) the grouted joint formulation of equation 
(2-17) but with the original thickness. It must be noted that only the DNV (1984) test 
series had supported the use of the Equivalent Thickness method in which a limited set 
of DSG joints were tested. Its appropriateness has not been tested across a wider range 
of geometric parameters and loading types.  
Up to date, no experimental or numerical investigation has been done to examine how 
the presence of chord stress affects the joint behavior of grouted joints. In both API 
RP2A (2007) and ISO 19902 (2007), the original chord stress functions for the AS 
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joints are used. 
 
2.7 CONCLUSION 
Grouting of tubular joints had been known to increase static strength significantly over 
the AS joints. Many early researches attempted to provide valuable insights into 
grouted joint behavior and failure modes for static strength. For the FG joints, the MSL 
test program and Chen’s work had provided conclusively possible formulations for 
strength prediction. For the DSG joints, the few ultimate strength tests had been 
conducted with little variation in the geometric parameters. For a comprehensive 
design guideline to be developed, important geometric parameters should not only 
include those of the chord and brace parameters, grout and pile parameters should be 
considered too.  
Non-linear finite element analyses are increasingly being employed in the field of 
tubular joints; well suited for predicting AS joint failures involving plastification. 
Numerical solutions are used to supplement and extend the experimental database over 
wider ranges of geometrical parameters, filling in the gaps in test databases and 
enhancing accuracy of the strength equations. Moreover, deformations and stress 
patterns can be identified readily, giving insights about joint behavior. 
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3 DESCRIPTION OF TEST PROGRAM 
3.1 INTRODUCTION 
The test program for the Double-Skin Grouted (DSG) X-joints consists of 13 DSG X-
joints subjected to brace axial tension (8 joints) and compression (5 joints) to 
investigate the associated static strength and joint behavior. The test specimens are 
loaded in the 1000-tonne (10000kN) actuator and test rig at National University of 
Singapore Civil Engineering Structural Laboratory.  
As part of a larger overall test program with 6 Fully-Grouted (FG) and 6 As-welded 
(AS) X-joints under brace axial loading, the DSG joints are grouped into 2 test series: 
Series 1 and Series 2. Together with all the FG and AS X-joints, 4 DSG joints were 
tested between July 2009 and January 2010 in Series 1. The DSG joints in Series 1 
were a preliminary set to gain the necessary insights for the design of the DSG joints in 
Series 2, which were tested between May 2011 and September 2011. 
It must be noted that the experimental work on the all FG joints and 5 AS joints were 
part of the PhD work of an accompanying researcher (Chen 2010). Selected FG and 
AS results from Series 1 are required for comparisons between joint behaviors of the 
FG, DSG and AS joints. 
Figure 3-1 shows the joint configuration of the test specimens. Each test specimen 
consists of a horizontal chord with 2 braces welded vertically to the centre. The flange 
plates allow the test specimens to be bolted directly to specialized attachments (not 
shown in Figure 3-1) for transmitting the tensile loading from the actuator at the top. 
When loaded under brace axial compression, no end attachments are required, and the 
bottom flange plate allows the test specimen to sit directly on the reaction floor with 
Chapter 3 
 43 
the actuator applying the compression loading directly on the top flange.  
 
 
Figure 3-1: Specimen Dimensions; (A) overall chord and brace dimensions, (B) As-




Flange plate welded 
to brace 














































3.2 TEST RIG & TEST SET-UP 
The test rig consists of an overhanging actuator that provides the brace axial loading. 
The test rig had been designed to provide adequate reactions in the vertical direction 
for both tensile and compressive loading. The actuator (10000kN capacity Instron 
model) is capable of providing 10000kN in compression and 5000kN in tension. The 
tensile/compressive force is recorded by a load cell aligned with the brace axis.  
A reference co-ordinate is used for all the test specimens, and shows the orientation of 
the test specimen with respect to the rest of the test rig; see white arrows in Figure 3-2. 
The X- and Z-axises are parallel to the chord and brace axis respectively. The Y-axis 
points in the out-of-plane direction. 
 
Figure 3-2: Test Rig for 10000kN actuator with X-joint mounted below actuator 
 
Bottom attachment for 
axial brace tension 
X-joint 
Top attachment for 










3.2.1 Brace Axial Tension Loading 
For the X-joints loaded in tension, the test specimen is connected to actuator and 
reaction floor by specialized top and bottom hinge attachments; see Figure 3-3. The 
top and bottom hinges allow rotation in the X-direction and Y-direction respectively, 
minimizing brace moments. The tensile force is loaded via the top hinge at the top of 





(a) top and bottom attachments 
 
(b) front view of set-up 
Figure 3-3: Test set-up for Brace Axial Tension 
 
3.2.2 Brace Axial Compression Loading 
For the X-joints loaded in compression, the compressive force is loaded via a ball-seat 
at the top of brace. The ball-seat allows the top flange to rotate freely in all axes, 
providing a pin-ended condition. The bottom of the specimen rests on the floor of the 
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test rig. No lateral support is applied to the chord.  
Care is taken when mounting the specimen in order to ensure that the top flange, and 
hence the top brace, are aligned probably with the ball-seat. Figure 3-4 shows the set-
up for compressive test, with the reference co-ordinates. 
 
Figure 3-4: Test set-up for Brace Axial Compression 
 
3.3 TEST MATRIX & BACKGROUND FOR SELECTION 
Table 3-1 summarizes the test matrix for the DSG X-joints, together with the 
corresponding FG and AS X-joints. The AS X-joints are designated simply as X-xx-xx-
T/C, e.g. X-0.7-57-T, and the FG X-joints are designated with XG-xx-xx-T/C, e.g. XG-
0.7-57-T. The first two numbers in the specimen designation indicate the β ratio and 2γ 





tension or brace axial compression. The third number in the DSG designation indicates 
the 2γp ratio of the inserted pile in the double-skin configuration. 
Table 3-1: Test matrix for joints – Specimen Designation (DSG X-joints in bold) 
Geometric Parameters Specimen 
Designations Series β 2γ τ 2γp 
Grouting 
scheme *Load 
#XG-0.7-57-T 1 1.0 FG T 
#X-0.7-57-T 1 1.0 N.A. AS T 
XP-0.7-57-25-T 2 1.0 25.5 DSG T 
XP-0.7-57-33-T 1 1.0 DSG T 
XP-0.7-57-33-C 2 1.3 32.5 DSG C 
XP-0.7-57-65-T 2 1.0 DSG T 
XP-0.7-57-65-C 2 
0.7 
1.3 64.5 DSG C 
XP-0.4-57-33-T-A 2 1.6 DSG T 
XP-0.4-57-33-T-B 2 0.4 
57.1 
1.6 32.5 DSG T 
#XG-0.7-41-T 1 1.0 FG T 
#XG-0.7-41-C 1 1.6 FG C 
#X-0.7-41-T 1 1.0 
N.A. 
AS T 
XP-0.7-41-34-T 1 1.0 DSG T 
XP-0.7-41-34-C 1 
0.7 
1.6 34.1 DSG C 
X-0.4-41-T 1 0.6 N.A. AS T 




1.3 34.1 DSG C 
#XG-0.7-26-T 1 1.0 FG T 
#X-0.7-26-T 1 1.0 N.A. AS T 
XP-0.7-26-39-T 2 1.3 DSG T 
XP-0.7-26-39-C 2 
0.7 25.9 
1.3 38.8 DSG C 
#PhD work by Chen 2010 *T: tension & C: compression 
The DSG X-joints can be grouped according to the 2γ ratios (2γ=57.1, 40.5 & 25.9). 
Since these three 2γ ratios were already covered by the FG and AS joints, comparisons 
with the DSG X-joints of the same chord and brace dimensions can be made. 
As Series 1 is mainly focused on the static behavior of FG joints, only limited number 
of DSG joints was tested in this series. Nevertheless, some insights had been gained, 
forming the rational for selection in Series 2. These are elaborated briefly: 
Dependency on 2γ 
Chapter 3 
 48 
Test results in Series 1 show that joint strength of the AS X-joint under tension is only 
dependent on β ratio, and not the 2γ ratio. This is consistent with the strength factor 
(Qu) in ISO-AS strength formulation for brace axial tension.  
For both FG and DSG X-joints under tension, results from Series 1 show dependency 
on both β and 2γ ratios. In the case of the FG X-joints under tension, the dependency 
on 2γ is due to change of failure mode to the modified punching shear mechanism 
(Chen 2010), and is well captured in the new FG strength formulation.  
For the DSG X-joints under tension in Series 1, the punching shear formulation (PS) is 
able to predict the strength at 2γ=57.1 & 40.5 chords with β=0.7 & 0.4 braces; 
specimens: XP-0.7-57-33-T, XP-0.7-41-34-T, and XP-0.4-41-34-T. Additional test 
specimens would validate the punching shear equation (PS) at 2γ=25.9 & β=0.7 and 
2γ=57.1 & β=0.4; specimens: XP-0.4-57-33-T-A/B and XP-0.7-26-39-T. 
Dependency on Stiffness of Double-skin configuration 
The punching shear formulation, however, does not take into account the grout or pile 
thickness on strength. Intuitively, the joint behavior and strength of the DSG joint is 
in-between those of the corresponding FG and AS joints. A systematic investigation is 
needed regarding variation of the stiffness of the double-skin configuration.  
It is difficult to vary the grout thickness while keeping the 2γp constant due to the step 
size changes in available tube dimensions. Hence, the variation of the pile thickness is 
done for 2γ=57.1 and β=0.7 at constant grout thickness. The highest 2γ (lowest chord 
stiffness) is chosen so that effects of the pile stiffness on joint behavior is the largest. 
Specimens involved: XP-0.7-57-25-T, XP-0.7-57-33-T/C, and XP-0.7-57-65-T/C. 
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By varying the pile thickness, the test results can be compared to predictions by the 
equivalent thickness approach; which takes into account the chord and pile thicknesses 
on joint strength. 
Tension versus Compression 
Unlike the FG X-joints, joint failure had been shown to govern joint strength in DSG 
X-joints (brace failure in the FG X-joint tested: XG-0.7-41-C). As only one DSG joint 
under brace axial compression had been tested in Series 1, more DSG X-joints under 
brace axial compression are included in Series 2.  
Each DSG X-joint under brace axial compression is paired up with a corresponding 
DSG X-joint of the same dimensions under tension, so that comparisons of joint 
behavior can be made. 
 
3.4 TEST SPECIMEN DIMENSIONS 
Fabrication tolerance for both the steel sections and test specimens meant that 
imperfections and variations from specifications are unavoidable. Proper 
measurements of the test specimens are necessary. For the steel pipes, the steel 
thickness and diameters are measured. For the test specimens, the most obvious 
specimen imperfection is the misalignments of the top and bottom brace in the out-of-
plane direction. 
Although the geometric parameters (β, 2γ, 2γp, and τ) presented in Table 3-1 and the 
corresponding specimen designations are based on the nominal dimensions (specified), 
the appropriate values to be used in all equations, formulations and numerical analyses 
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should be the measured dimensions. 
3.4.1 Nominal and Measured Dimensions 
Table 3-2 lists the nominal dimensions specified for the steel sections for both Series 1 
and 2. The nominal grout diameters and thicknesses are lists in Table 3-3. The 
measurements of the section diameters and thicknesses are done on the specimens and 
the corresponding steel coupons; see Table 3-4 and Table 3-5. 
Table 3-2: Nominal dimensions for test specimens 















Ø457×8 2740 Ø324×8 970 
Ø406×12.5 
XG-0.7-41-T Ø219×8 - 









Ø140×5 380 Ø273×8 
XG-0.7-26-T - 
X-0.7-26-T Ø324×12.5 1950 Ø219×12.5 650 - 
Series 2      
XP-0.7-57-25-T Ø324×8 Ø406×16 








Ø194×12.5 580 Ø406×12.5 
XP-0.4-41-34-C Ø324×8 1950 Ø140×10 380 Ø273×8 
XP-0.7-26-39-T 




Table 3-3: Nominal grout thicknesses for DSG test specimens 







XP-0.4-41-34-T, XP-0.4-41-34-C 308 17.5 
XP-0.7-26-39-T, XP-0.7-26-39-C 299 27.0 
 
For Series 1, the actual dimensions of all the specimens have been determined by 
measuring the wall thickness and the diameter on the specimens before the test and on 
the separated pieces of left-over pipe materials, from which the specimens were 
fabricated from. The average measured dimensions are summarized in Table 3-4 
Table 3-4: Average measured dimensions for test specimens (Series 1) 













XG-0.7-57-T 455 7.5 324 7.5 - - 
X-0.7-57-T 456 7.4 322 7.6 - - 
XP-0.7-57-33-T 457 7.5 324 7.5 406 11.9 
XG-0.7-41-T 324 7.6 219 7.4 - - 
XG-0.7-41-C 324 7.4 221 12.3 - - 
X-0.7-41-T 324 7.5 220 7.4 - - 
XP-0.7-41-34-T 324 7.5 219 7.4 273 7.4 
XP-0.7-41-34-C 324 7.5 219 12.5 273 7.4 
X-0.4-41-T 324 7.5 139 4.4 - - 
XP-0.4-41-34-T 324 7.5 139 4.4 273 7.4 
XG-0.7-26-T 324 12.1 219 12.2 - - 
X-0.7-26-T 326 11.9 219 12.1 - - 
 
Likewise, the measurements of the diameters and thicknesses for Series 2 are done on 
the specimens, and left-over pieces before the tests. In addition, the thicknesses are 
also measured on the steel coupons; at least 3 coupons are per steel section are cut for 
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material testing. The measured thicknesses from the coupons are generally less than 
those measured directly from the test specimens and with less variation. This is largely 
because the oxide and rust on the coupons were sandpapered away. 
Table 3-5: Average measured dimensions for test specimens (Series 2) 
Chord Brace Pile Grout 
t0 (mm) t1 (mm) tp (mm) Specimen d0  
(mm) (1) (2) 
d1  
(mm) (1) (2) 
dg  
(mm) (1) (2) 
tg  
(mm) 
XP-0.7-57-25-T 458 7.6 324 7.6 7.5 408 15.4 15.7 17.5 
XP-0.7-57-33-C 458 7.6 323 9.7 406 12.1 11.7 17.9 
XP-0.7-57-65-C 459 7.6 324 9.7 9.5 407 6.2 17.5 
XP-0.7-57-65-T 460 7.7 323 7.7 7.5 407 6.2 6.2 18.0 
XP-0.4-57-33-
T-A 458 7.7 194 11.9 407 12.1 17.8 
XP-0.4-57-33-







XP-0.4-41-34-C 325 7.8 7.5 139 10.0 9.5 275 9.0 8.8 16.6 
XP-0.7-26-39-T 324 12.2 220 15.6 245 6.1 27.4 
XP-0.7-26-39-C 323 12.2 12.0 220 15.6 15.1 244 6.1 6.0 27.5 
(1): thickness measured directly from pipes           (2): thickness measured from coupons 
 
3.4.2 Brace Misalignments 
Measurements of the specimen imperfections are made before any testing. The most 
obvious imperfections were the misalignments of the top and bottom brace, 
particularly in the out-of-plane direction. Figure 3-5 shows the reference directions of 
the out-of-plane and in-plane angle (θX and θY). Due to initial inexperience, only the 
brace angles for Series 2 are measured. 
The brace angles are measured with respect to the vertical axis. Two points along the 
brace wall of known distance apart are measured for their distances along a fixed 
vertical line, and by simple trigonometry, the brace angle with respect to this reference 
vertical can be calculated. A vertical thread with attached weight at the end provides 
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the reference vertical line; see Figure 3-5. Although this method appears to be crude, 
repeated measurements using different pairs of points along the brace yield fairly 
consistent results. As a rule of thumb, the measurement is done at least twice; one each 
side of the brace for a particular plane. Table 3-6 summarizes the brace angles (θX and 
θY). 
 
Figure 3-5: Reference directions for the out-of-plane (θX) and in-plane (θY) angles of 
the braces with respect to the vertical (left); and measurement of brace angle (right) 
Since the out-of-plane misalignments of the top and bottom braces are more apparent 
than the in-plane misalignments (from visual inspection), only the out-of-plane angles 
were measured for the DSG X-joints under brace axial tension. However, both out-of-
plane and in-plane angles were measured for the DSG X-joints under brace axial 
















Table 3-6: Brace angles of DSG X-joints; brace axial tension (left) and compression 
(right) 
Specimen θX (°)  Specimen θY (°) θX (°) 
Top brace -0.12  Top brace -0.34 0.62 XP-0.7-57-25-T 
Bottom brace 0.51  XP-0.7-57-33-C Bottom brace 0.0 0.53 
Top brace -0.1  Top brace 0.41 -0.48 XP-0.7-57-65-T 
Bottom brace 0.12  XP-0.7-57-65-C Bottom brace 0.17 0.12 
Top brace -0.13  Top brace 0.15 -0.75 XP-0.7-26-39-T 
Bottom brace 0.46  XP-0.7-26-39-C Bottom brace 0.27 -0.72 
Top brace -0.05  Top brace 0.77 0.76 XP-0.4-57-33-T 
Bottom brace 0.03  XP-0.4-41-34-C Bottom brace 0.57 0.34 
 
3.5 INSTRUMENTATION 
Displacement transducers and strain gauges were placed at several locations on both 
the chord and braces to record the displacements and strains in the chord and brace; see 
Figure 3-4. The orientation and positions of the transducers and strain gauges with 
respect to the X-joint and the overall test set-up are indicated with the X Y Z-axes. 
3.5.1 Transducers 
The displacement transducers are positioned around the X-joint to monitor the global 
axial displacement (T1, T2, T9, T10, T11 and T12), vertical chord deformation (T3, T4, 
T5 and T6) and horizontal chord deformation and lateral chord displacement (T7 & 
T8). 
3.5.2 Strain Gauges 
Braces 
The single element strain gauges (S1 – S12) are applied at 3 selected locations of the 
braces to monitor the axial force and bending moment. The brace loads calculated 
Chapter 3 
 55 
from the strain gauges are used to verify the load recorded from the load cell. 
Chord 
The rosette strain gauges (R1 – R10) are placed on the chord surface to monitor the 
von-Mises stress distribution. 
 








S1 S2 S3 
S7 S6 S5 
S10 S9 S11 
S2 S3 S4 
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3.6 GROUTING PROCEDURE 
The X-joint was turned 90° with the chord in a vertical position in order for the grout 
to be pumped into. Before grouting, the annulus of the double-skin was filled with 
water. As the grout was being pumped from bottom up, the water is displaced at the 
top. This prevents the formation of air bubbles in the grout. 
The grout was given at least a 28-day curing period, with precaution to prevent drying 
of the grout during the curing period. This was done by ensuring that a thin layer of 
water, a few centimeters, was always presence to prevent direct exposure of the grout 
with air. 
 
Figure 3-7: (A) X-joint turned 90° for grouting of the chord; (B) grouting of the chord 




3.7 MATERIAL PROPERTIES 
3.7.1 Circular Hollow Sections 
The steel pipes used for the specimens were hot-finished welded steel circular hollow 
sections in accordance with EN 10210: 2006 Grade S355J2H, and all tubular sections 
were supplied by Tata Steel in the United Kingdom.  
A total of 10 and 13 pipes are used to fabricate the X-joints for Series 1 and Series 2 
respectively. There are 7 section types in Series 1 and 12 section types in Series 2. For 
Series 1, at least 3 coupons per section type were fabricated for tensile strength tests. 
For Series 2, 3 coupons per pipe (rather than per section type) are fabricated. This is to 
ensure that variation within the same batch, if any, can be captured. 
Material properties: Young’s Modulus E, yield stress Fy , ultimate stress Fu , elongation 
ε of the different circular hollow sections and the associated stress-strain curves are 
determined by uniaxial tensile tests on the steel coupons; see Figure 3-8.  






















 engineering stress - nominal strain
 true stress - strain
 
Figure 3-8: Typical stress-strain curve from uniaxial tensile coupon test 
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Load ( cpT ) and elongation ( l∆ ) are measured directly during a coupon test. The 












          (3-1) 









         (3-2) 
Table 3-7 and Table 3-8 summarize the results of the uniaxial tensile tests of the steel 
coupons for Series 1 and 2. 
Table 3-7: Material properties of steel sections (Series 1) 






Ø457×8 390 658 29.8 
Ø406×12.5 385 656 33.2 
Ø324×12.5 388 654 31.6 
Ø324×8 368 631 30.8 
Ø273×8 372 636 29.3 
Ø219×12.5 379 629 33.2 
Ø219×8.0 408 675 30.0 




Table 3-8: Material properties of steel sections (Series 2) 






Ø457×8 370 641 32.2 
Ø457×8 370 645 33.2 
Ø406×16 365 622 37.3 
Ø406×12.5 360 631 34.6 
Ø406×6.3 382 642 29.9 
Ø324×12.5 360 629 34.0 
Ø324×10 402 *- *- 
Ø324×8 383 632 30.4 
Ø273×8 510 688 28.8 
Ø245×6.3 373 648 31.0 
Ø219×16 355 637 34.5 
Ø194×12.5 366 631 31.0 
Ø139×10 355 626 33.1 
*data not available due to use of coupon specimens for another project 
 
3.7.2 Grout Properties 
Densit Ducorit® D4 is used as the material for the in-filled grout. The DSG X-joints 
are grouted in batches of 2~3 specimens. For each batch of grouting, accompanying 
cylinders and prisms were cast for material testing, which were conducted within 2 
weeks after strengths tests on the X-joints. Compressive strength (Fc), static elastic 
modulus (E), Poisson’s ratio (υ) and tensile strength (Ft) of the grout are obtained from 
cylinder and prism tests.  
Figure 3-9 shows a typical stress-strain curve from a uniaxial compression test on 
cylinder specimens. The stress is calculated by dividing the load by the original cross-
sectional area of the specimen. The longitudinal strain is calculated by dividing the 
overall shortening of the cylinder specimen by the original length. The Young’s 
Modulus is the gradient of the linear portion of the stress-strain curve, and is observed 
to extend up to 90% of the compressive strength. This is expected for the behavior of 
Chapter 3 
 60 
















Figure 3-9: Typical stress-strain curve of cylinder specimen 
Due to the relatively low stiffness of the testing frame, the cylinder specimen failed in 
an unstable and brittle fashion after reaching compression strength. Hence, no 
information regarding the strain-softening portion of the stress-strain curve could be 
obtained. 
Lateral strains were measured by strain gauges placed at the side of the cylinder 
specimen at the mid-point along the length. The Poisson’s Ratio is calculated from the 
longitudinal and lateral strains. Table 3-9 summarizes the nominal properties of the 
Ducorit® D4. 
Table 3-9: Nominal Properties of Ducorit® D4 









210 70000 0.19 10 23.5 
 
Brittle failure 






For each DSG X-joint in Series 1, an average of 3 cylinders for compression strength 
tests is casted. Static elastic modulus and Poisson’s ratio had not been measured for 
every DSG specimen, and tensile splitting and beam bending tests were only done on 
selected DSG specimens. Table 3-10 summarizes the grout properties for Series 1. 
Each specimen in Series 2 is represented by 6 cylinders for axial compression, 4 
cylinders for tensile splitting and 4 prisms for beam bending. Since the DSG X-joints 
are grouted in 3 batches; 18 cylinders for axial compression, 12 cylinders for tensile 
splitting tests and 12 prisms for beam bending are cast for each grouting batch. The 
grout powder for each batch belongs to the same manufacturing lot. Results of the 
axial compression, tensile splitting and beam bending tests are summarized in Table 
3-11. 
Table 3-10: Grout Material Tests for Series 1; mean values with standard deviations 
Axial compression Tensile splitting Beam bending 















XP3-G-C 56 179 (-) 
62.9 
(-) 
- - 15.7 
(-) 







XP7-G-T 91 198 (-) 





 The first number is the mean and the second (in bracket) is the corresponding 
standard deviation of the test results 
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Table 3-11: Grout Material Tests for Series 2; mean values with standard deviations 
Grout Properties 
Axial compression Tensile Splitting 
Beam 
Bending Age 
Fc Ec υ age Ft,split age Ft,bend age 
Specimen 
days MPa GPa  days MPa days MPa days 















Batch 2          











































 The first number is the mean and the second (in bracket) is the corresponding 
standard deviation of the test results 
* Test rig requires re-calibration 
 
3.8 WELD SPECIFICATIONS 
The weld design was based on full brace capacity, which was dependent upon the 
brace dimensions and material strength. All welding were carried out using shield 
metal arc welding (SMAW), in accordance with AWS Structural Welding Code AWS 
D1.1- 98 (see Figure 3-10 for welding details). All welding should be over-matched 
with 120% of base material strength, and the minimum yield strength of the weld 





Figure 3-10: Welding details according to AWS (1998) 
 
3.9 TEST PROCEDURE & SEQUENCE 
3.9.1 Testing Procedure 
Preloading 
Before the actual loading to failure, a series of preloading (at 10-15% of predicted joint 
strength) is applied; stresses at specific locations on the specimens are monitored via 
strain gauges to ensure that no yielding at these locations has occurred during 
preloading.  
The first purpose of preloading is to check that all instruments are in working order. 
The second purpose is to make sure the load path from the top to the bottom is correct 
and stable. If the bolts at either ends of the specimens are not properly and evenly 
tightened, unnecessary load eccentricity maybe introduced for the specimens under 
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brace axial tension. Preloading also allows friction in the hinges at top and bottom to 
be released.  
Most of the braces have slight in-plane and out-of-plane tilt from the vertical. For the 
specimens in brace axial compression, preloading is to allow the ball-seat at the top to 
rotate and sit flatly on the top flange. 
Test to Failure 
In the actual testing, the X-joint would be loaded continuously to failure. For the brace 
axial tension cases, the specimens are loaded until there is drop in loading due to chord 
fracture (most probably on either sides at the saddle positions) or due to brace failure 
by yielding. 
For the brace axial compression cases, loading is expected to reach a peak (due to 
either chord ovalization or brace buckling) and reduce gradually from this peak upon 
further loading. Chord ovalization is indicated by overall flattening of the chord, while 
brace buckling can be observed easily when the brace starts to bend. Compressive 
loading was stopped at 2δ=0.10d0 chord deformation, unloaded, and reloaded again as 
far as possible until pronounced secondary effects set in.  
The loading would be displacement-controlled, and the loading rate in terms of 
displacement is varied between 0.2~0.5 mm/min depending on the stiffness of the test 
specimen to maintain a loading rate in terms of force within the range of 10~20 
kN/min. The loading rate is started initially at 0.2 mm/min when the specimen stiffness 
is initially high. As the stiffness fall, the loading rate is increased accordingly. Each 
ultimate strength test takes about 2~4 hours to complete. 
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3.9.2 Testing Sequence of Test Specimens 
The vertical position of the actuator has to be adjusted according to the height of the 
test specimens, and the test specimens are tested from the tallest to the shortest. 
Table 3-12: Test dates for Series 1 & Series 2 
Series 1  Series 2 
Specimen Test date  Specimen Test date 
XP-0.7-41-34-C 31st July 2009  XP-0.7-57-25-T 19th May 2011 
XP-0.7-57-33-T 8th Oct 2009  XP-0.7-57-65-T 24th May 2011 
XP-0.7-41-34-T 17th Nov 2009  XP-0.4-57-33-T-A 31st May 2011 
XP-0.4-41-34-T 5th Jan 2010  XP-0.7-26-39-T 6th June 2011 
X-0.4-41-T 12th Jan 2010  XP-0.4-57-33-T-B 10th June 2011 
   XP-0.7-57-33-C 27th July 2011 
   XP-0.7-57-65-C 1st Aug 2011 
   XP-0.7-26-39-C 12th Aug 2011 




4 TEST RESULTS & ANALYSIS 
4.1 INTRODUCTION 
In the current chapter, the test results and analyses of the DSG X-joints under brace 
axial loading are presented in three broad categories: load-ovalization plots (sections 
4.2, 4.3, 4.4); joint behavior (sections 4.5, 4.6, 4.7); and joint strengths and 
comparisons with design codes (section 4.8). The load-ovalization plots provide 
important informations on joint stiffness, joint strengths, and ductility capacities (see 
the following sub-section 4.1.1 on how the load and ovalization information are 
obtained). Other than information from the load-ovalization plots, experimental 
observations and further analyses of the ovalization characteristics can provide insights 
into the DSG joint behavior (see the sub-section 4.1.2 on how ovalization 
characteristics are obtained). Finally, comparisons with predictions from current design 
codes are made (see sub-section 4.1.3 for the current design formulations used). 
Intuitively, the DSG X-joints exhibits behavioral characteristics that fall in-between 
the AS and FG X-joints. Hence, experimental results and observations from selected 
AS and FG X-joints from Chen (2010) are also presented briefly for the purpose of 
making comparisons with the DSG X-joints. For full details of experimental results 
and observations of the FG X-joints, please refer to Chen’s thesis (2010). 
4.1.1 Load versus Ovalization 
The brace axial loadings are recorded by the load-cell, and the transducer 
measurements gave the load-chord ovalization characteristics of the test specimens. 
Unless otherwise stated, chord ovalization refers to the vertical deformation of the 
chord between the crown points on the chord at the brace-chord intersection. Vertical 
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displacements of the X-joint at several points are measured by the transducers T1, T2, 
T3, T4, T5, T6, T9 and T10, see Figure 4-1.  
 
Figure 4-1: Recorded vertical global displacement and vertical chord ovalization 
The global displacement ∆, as measured by T1, T2, T9 & T10, is the overall vertical 
deformation of the entire X-joint: 
brace22 δ+δ=∆          (4-1) 
δ is the local indentation of the chord face at the crown point of brace-chord 
intersection, and δbrace is the longitudinal elongation of each brace. Hence, the chord 
ovalization between the top and bottom crown points is 2δ.  
Chord ovalization in the vertical direction was intended to be measured by T3, T4, T5 
and T6. Due to dimensional and spatial constraints in the placement of these 
transducers, chord ovalization can only be measured at a certain distance from the 







T3 / T5 
T4 / T6 
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edge of the weld toe. The measured chord deformation, 2δm at the measuring points 
(T3, T4, T5 and T6) is not the same as the required chord deformation, 2δ. As a result, 
2δ has to be calculated from the global displacement and brace elongation using 
equation (4-1). δbrace is calculated from the brace axial strains (measured by S1 – S12): 
bracebracebrace l×ε=δ          (4-2) 
The difference between 2δ and 2δm is a result of localized chord deformation and 
significant separation of chord from the grout. Figure 4-2 shows that the differences 
for AS X-joints under brace axial tension are insignificant, indicating small amounts of 
localized chord deformation. All the DSG X-joints under brace axial tension, except 
XP-0.7-57-65-T, showed significant differences; see Figure 4-3 (a). All DSG X-joint 
under brace axial compression showed insignificant differences between 2δ and 2δm at 
small ovalization (<0.1d0); see Figure 4-3 (b). 














 X-0.7-57-T  (2δ) 




AS X-joint under brace axial tension 


















 XP-0.7-57-33-T  (2δ) 
 XP-0.7-57-33-T  (2δ
m
)
(a) DSG X-joint under brace axial tension 


















(b) DSG X-joint under brace axial 
compression 
Figure 4-3: Comparison of chord ovalizations, 2δ and 2δm; DSG X-joint at β=0.7 & 
2γ=57.1 
For the purpose of extracting the reference loading for joint strength and applying 
deformation limits, the load versus 2δ plots are used. For the purpose of calibration 
with the numerical models (Chapter 1), the load versus 2δm plots are compared directly 
with the corresponding plots from the numerical results. 
4.1.2 Joint Behavior 
Observations on extend of chord deformation, chord plastification, and crack 
propagation can give insights to (1) the type of load transfer between the brace and 
chord at the chord-brace intersection, and (2) how the chord responds to resist the 
brace axial load acting from opposite sides of the joints.  
From such observations made on the FG X-joints, Chen (2010) deduced that the load 
transfer at the chord wall along the chord-brace intersection for the FG X-joints is 
consisted of both shear and membrane action, in contrast to only shear action for the 
AS X-joints. Intuitively, the DSG X-joint behavior is between those of the 
corresponding FG and AS joints. Hence, comparisons have to be made. In addition to 
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these observations, comparisons of the ovalization characteristics (2δm versus 2δh) of 
the FG, DSG and AS X-joints are also made. Comparisons of 2δh with 2δm (or 2δ) give 
indication of the degree of chord ovalization versus local chord deformation around the 
brace-chord intersection; see Figure 4-4. Horizontal chord ovalization, 2δh and chord 
displacement, ∆h in the out-of-plane horizontal direction are measured by the 
transducers T7 & T8. 
 
Figure 4-4: Varying degree of chord ovalization versus chord face plastification 
 
4.1.3 Joint Strength & Comparisons with Codes 
The reference load level from the load-ovalization plots (P versus 2δ) to be taken as 
joint strength is consistent to those used in design guidance/codes; see section 2.3.3. 
The joint strength (Pu) is taken as one of the 4 failure criteria: 
Pmax: Load at the 1st observable peak during the loading history usually under brace 
Increasing 
Ovalization 
δh < δh 
δm = δm 
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 axial compression 
Pcrack: Load level at which cracking initiates usually under brace axial tension. 
PDL: Load level corresponding to deformation of 2δ=0.06d0 (Lu et al. 1994) if Pmax 
 or Pcrack falls outside this deformation limit 
The following formulations are considered to be current in existing design guidance 
for the grouted joints (both FG and DSG joints) under brace axial loading, and are used 
for comparisons with the joint strengths. Also presented is the design equation for the 
AS joint. The predictions of these existing guidances were also showed on the load-
deformation plots. 
ISO As-welded X-joint Formulation (ISO-AS) 
For prediction of the AS X-joint strength, the ultimate strength maybe calculated using 
the recommended formula from ISO 19902 (2007): the strength equation (2-2) and the 
associated Qu factors in Table 2-1 from section 2.6.1: 
2
00yuR tFQP ⋅⋅=         (2-2) 
For AS X-joints under  











(2) brace axial compression,  ( )[ ] ββγ++= Q1.0128.2Q u  
Punching Shear Formulation (PS) 
Punching shear equation (2-1) assumes that the joint strength is equal to the shear 
strength of the chord wall (Fy/√3) multiple by the shear area (length of brace-chord 
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intersection multiplied by chord wall thickness): 
2
00yau tFk3










API-RP2A Grouted Joint Formulation (API-G) 
For the API-RP2A (2007) and ISO 19902 (2007) grouted joint equation (both FG and 
DSG), the formulation is based on the punching shear equation but with reduced chord 
wall shear strength: 
 
2










This is the only available formulation for FG joints in the current guidance/codes. 
ISO Double-skin Joint Formulation (ISO-Teq) 
In both API-RP2A (2007) and ISO 19902 (2007), the joint strength equation (2-2), 
together with the original AS Qu factors, may be used for DSG joints by obtaining the 










4.2 DSG X-JOINT LOAD-OVALIZATION: AXIAL BRACE 
TENSION 
4.2.1 DSG X-Joint Load-Ovalization (β=0.7) 
The stiffness and maximum load of the DSG X-joints falls in between the 
corresponding FG and AS joints. Final failure of the DSG X-joints is fracture of the 
chord at the saddle location. Except XP-0.7-57-65-T and XP-0.7-26-39-T, load 
dropped immediately upon crack initiation in the DSG joints as the crack developed 
rapidly into a through-thickness crack (similar to the FG joints). For XP-0.7-57-65-T 
and XP-0.7-26-39-T, loading did not drop immediately upon crack initiation, and 
continues until a through-thickness crack was developed (similar to the AS joints). 
 

















Global displacement, ∆ (mm)
 XG-0.7-57-T   XP-0.7-57-25-T
 X-0.7-57-T
(a) Brace Load vs Global displacement, ∆ 


















Chord Ovalization, 2δ (mm)
 XG-0.7-57-T   XP-0.7-57-25-T
 X-0.7-57-T
(b) Brace Load vs Chord Ovalization, 2δ 





















Global displacement, ∆ (mm)
 XG-0.7-57-T   XP-0.7-57-33-T
 X-0.7-57-T
 (a) Brace Load vs Global displacement, ∆ 


















Chord Ovalization, 2δ (mm)
 XG-0.7-57-T   XP-0.7-57-33-T
 X-0.7-57-T
 (b) Brace Load vs Chord Ovalization, 2δ 
Figure 4-6: Plots for XG-0.7-57-T, XP-0.7-57-33-T & X-0.7-57-T 

















Global displacement, ∆ (mm)
 XG-0.7-57-T   XP-0.7-57-65-T
 X-0.7-57-T
 (a) Brace Load vs Global displacement, ∆ 


















Chord Ovalization, 2δ (mm)
 XG-0.7-57-T   XP-0.7-57-65-T
 X-0.7-57-T
 (b) Brace Load vs Chord Ovalization, 2δ 
Figure 4-7: Plots for XG-0.7-57-T, XP-0.7-57-65-T & X-0.7-57-T 
















Global displacement, ∆ (mm)
 XG-0.7-41-T   XP-0.7-41-34-T
 X-0.7-41-T
 (a) Brace Load vs Global displacement, ∆ 

















Chord Ovalization, 2δ (mm)
 XG-0.7-41-T   XP-0.7-41-34-T
 X-0.7-41-T
 (b) Brace Load vs Chord Ovalization, 2δ 
Figure 4-8: Plots for XG-0.7-41-T, XP-0.7-41-34-T & X-0.7-41-T 
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Global displacement, ∆ (mm)
 XG-0.7-26-T   XP-0.7-26-39-T
 X-0.7-26-T
 (a) Brace Load vs Global displacement, ∆ 



















Chord Ovalization, 2δ (mm)
 XG-0.7-26-T   XP-0.7-26-39-T
 X-0.7-26-T
 (b) Brace Load vs Chord Ovalization, 2δ 
Figure 4-9: Plots for XG-0.7-26-T, XP-0.7-26-39-T & X-0.7-26-T 
4.2.2 DSG X-Joint Load-Ovalization (β=0.4) 
For β=0.4 under brace axial tension, 3 DSG (1 at 2γ=40.5 and 2 2γ=57.1) X-joints and 
1 AS X-joints (2γ=40.5) were tested. Final failure for X-0.4-41-T was chord fracture at 
the saddle location. For XP-0.4-41-34-T, final failure was brace failure of the top brace. 
Calculation of chord ovalization 2δ after brace yielding was not possible as the single 
strain gauges stopped functioning; see Figure 4-10. Final failure was chord fracture at 
the saddle upon crack initiation for XP-0.4-57-33-T-A & XP-0.4-57-33-T-B. 
















Global displacement, ∆ (mm)
 XP-0.4-41-34-T  
 X-0.4-41-T
 (a) Brace Load vs Global displacement, ∆ 

















Chord Ovalization, 2δ (mm)
 XP-0.4-41-34-T  
 X-0.4-41-T
 (b) Brace Load vs Chord Ovalization, 2δ 
Figure 4-10: Plots for XP-0.4-41-34-T & X-0.4-41-T 
Chapter 4 
 76 
4.3 DSG X-JOINT LOAD-OVALIZATION: AXIAL BRACE 
COMPRESSION 
A peak load is observed to be reached for all the DSG X-joints under brace axial 
compression. This usually occurred before or around 2δ=0.06d0. Upon continued 
loading after the peak, the joint strength is observed to either plateau or go down 
gradually. Both 2δ & 2δm show no significant differences, suggesting that the localized 
deformation between the measuring point and the weld-toe is small, and that there is 
little or no separation of chord from the grout. 
Unloading was done at 2δ=0.10d0, and the specimens, except XP-0.7-41-34-C were 
reloaded to obtain more information at larger deformation. Three observations can be 
made. First, the initial stiffness of the joint during the 2nd loading is less than during 
the first loading. Second, the peak load reached during the 2nd loading is slightly less 
than the load at the end of the 1st loading. Lastly, after the peak is reached in the 2nd 
loading, the joint is able to maintain the loading at a fairly constant level, decreasing at 
very small amount. 
















Global displacement, ∆ (mm)
 XP-0.7-57-33-C (first loading)
 XP-0.7-57-33-C (second loading)
 (a) Brace Load vs Global displacement, ∆ 

















Chord Ovalization, 2δ (mm)
 XP-0.7-57-33-C (first loading)
 XP-0.7-57-33-C (second loading)
 (b) Brace Load vs Chord Ovalization, 2δ 
Figure 4-11: Plots for XP-0.7-57-33-C 
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Global displacement, ∆ (mm)
 XP-0.7-57-65-C (first loading)
 XP-0.7-57-65-C (second loading)
 (a) Brace Load vs Global displacement, ∆ 

















Chord Ovalization, 2δ (mm)
 XP-0.7-57-65-C (first loading)
 XP-0.7-57-65-C (second loading)
 (b) Brace Load vs Chord Ovalization, 2δ 
Figure 4-12: Plots for XP-0.7-57-65-C 



















Global displacement, ∆ (mm)
 XP-0.7-41-34-C
 (a) Brace Load vs Global displacement, ∆ 




















Chord Ovalization, 2δ (mm)
 XP-0.7-41-34-C
 (b) Brace Load vs Chord Ovalization, 2δ 
Figure 4-13: Plots for XP-0.7-41-34-C 

















Global displacement, ∆ (mm)
 XP-0.7-26-39-C (first loading)
 XP-0.7-26-39-C (second loading)
 (a) Brace Load vs Global displacement, ∆ 


















Chord Ovalization, 2δ (mm)
 XP-0.7-26-39-C (first loading)
 XP-0.7-26-39-C (second loading)
 (b) Brace Load vs Chord Ovalization, 2δ 
Figure 4-14: Plots for XP-0.7-26-39-C 
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Global displacement, ∆ (mm)
 XP-0.4-41-34-C (first loading)
 XP-0.4-41-34-C (second loading)
 (a) Brace Load vs Global displacement, ∆ 
















Chord Ovalization, 2δ (mm)
 XP-0.4-41-34-C (first loading)
 XP-0.4-41-34-C (second loading)
 (b) Brace Load vs Chord Ovalization, 2δ 
Figure 4-15: Plots for XP-0.4-41-34-C 
The strain gauges in XP-0.4-41-34-C have been accidentally removed after the 1st 
loading. Hence, the chord ovalization (2δ) cannot be calculated in the 2nd loading. 
 
4.4 COMPARISONS OF LOAD-OVALIZATION PLOTS 
4.4.1 Dependency on 2γ ratio 
The load-chord ovalization plots are plotted in non-dimensional forms: 
( ) u200y QtFP =⋅  versus 2δ/d0, in order to examine the dependency of joint stiffness and 
strengths on β and 2γ. Figure 4-16 shows the load-chord ovalization plots of the X-
joints at β=0.7 under brace axial tension. All three 2γ ratios of 57.1, 40.5 and 25.9 at 
β=0.7 are presented. Figure 4-16 (a) shows that the stiffness and strength of the AS 
joints showed insignificant differences. This is consistent with both the API and ISO 
AS joint strength formulations for the X-joint ( ) ( )β=⋅ u200y QtFP . 
The FG X-joints show a dependency of joint stiffness and strength on both β and 2γ; 
see Figure 4-16 (b). This is due to the change in failure mode from chord 
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ovalization to punching shear in the FG X-joint; Chen (2010), and this dependency on 
2γ is reflected in Chen’s (2010) formulation ( ) ( )γβ=⋅ 2,QtFP u200y . 
The dependency on 2γ of the DSG X-joints is also apparent; see Figure 4-16 (c) & (d). 
This dependency maybe less straightforward, because both joint stiffness and strength 
of DSG joints are affected by the stiffness of the individual components in the double-
skin configuration, i.e. chord, pile and grout. 

















 X-0.7-57-T   X-0.7-41-T
 X-0.7-26-T
 
(a) AS X-joints 
(brace axial tension) 

















 XG-0.7-57-T   XG-0.7-41-T
 XG-0.7-26-T
 
(b) FG X-joints 
(brace axial tension) 

















 XP-0.7-57-33-T   XP-0.7-41-34-T
 XP-0.7-26-39-T
 
(c) DSG X-joints 
(brace axial tension) 

















 XP-0.7-57-33-C   XP-0.7-41-34-C
 XP-0.7-26-39-C
 
(d) DSG X-joints 
(brace axial compression) 




4.4.2 Effect of Pile Stiffness 
The DSG X-joints, XP-0.7-57-25-T, XP-0.7-57-33-T and XP-0.7-57-65-T, have the 
same chord and brace dimensions as XG-0.7-57-T and X-0.7-57-T. The pile 
thicknesses were varied in the DSG joints. Both joint stiffness and strength were 
reduced with decreasing pile stiffness (increasing 2γP); see Figure 4-17. XP-0.7-57-25-
T, with the thickest pile, reached the same load level as the corresponding fully 
grouted X-joint, XG-0.7-57-T. 

















 XG-0.7-57-T        X-0.7-57-T
 XP-0.7-57-25-T   XP-0.7-57-33-T   XP-0.7-57-65-T
 crack initiation
 
Figure 4-17: Effect of pile stiffness on load-ovalization characteristics; β=0.7 & 
2γ=57.1 
The differences between 2δ and 2δm increased with increasing pile stiffness; see Figure 
4-18.  This indicates more localized chord deformation, and more change in the local 
dihedral angle along the chord-brace intersection. 
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Figure 4-18: Comparison of chord ovalizations, 2δ and 2δm; double-skin X-joints with 
the thickness and thinnest pile 
 
4.4.3 Non-monotonic versus Monotonic Loading 
All static strength tests on the X-joints were conducted with monotonic brace axial 
loading. In actual offshore structures, loadings are seldom purely monotonic. The 
elastic-plastic strain hardening characteristics of steel are clearly evident in the FG and 
AS joints when they experience loading-unloading. In the DSG grouted joint, the grout 
experiences significant deformation. Strain softening and elastic stiffness degradation 
due to accumulation of damage are characteristics of the grout material that may affect 
the stiffness and strength of the DSG X-joints. 
Two DSG X-joints, XP-0.4-57-33-T-A & XP-0.4-57-33-T-B, are of the same chord, 
brace and pile dimensions. XP-0.4-57-33-T-A is tested under monotonic brace axial 
tension, while XP-0.4-57-33-T-B underwent loading-unloading at 5 different load 
levels (500kN, 600kN, 700kN, 800kN & 900kN), which correspond to 50%, 60%, 
70%, 80% and 90% of the ultimate load. The specimen is unloaded to 200kN rather 
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than 0kN. This is to prevent the bolts at both ends of the braces to loosen, which may 
result in changes in the load path. The 200kN load corresponds to the calculated AS 
joint strength, based on the joint formulation in ISO 19902 2007.  
The objectives are (1) assess if the double-skin X-joint is able to return to the joint 
stiffness and strength achieved in monotonic loading after each loading-unloading-
loading cycle, and (2) examine the change in stiffness for each loading-unloading-
loading cycle in numerical analysis. 
It is observed from the tests that there is no significant difference in joint stiffness and 
strength between XP-0.4-57-33-T-A and XP-0.4-57-33-T-B; see Figure 4-19. The final 
failure loads for both joints are within 5% of each other: 1057kN and 1013kN 
respectively. Reduction in the joint stiffness is observed in the unloading-reloading 
portions. 
 














Global displacement, ∆ (mm)
 XP-0.4-57-33-T-A  
 XP-0.4-57-33-T-B
(a) Brace Load vs Global displacement, ∆ 
















Chord Ovalization, 2δ (mm)
 XP-0.4-57-33-T-A 
 XP-0.4-57-33-T-B
(b) Brace Load vs Chord Ovalization, 2δ 





4.4.4 Tension versus Compression 
Comparisons of the load-ovalization plots for both DSG X-joints under brace axial 
compression and brace axial tension are made in Figure 4-22. The stiffnesses are 
higher when under brace axial compression. This is attributed to the different way the 
double-skin configuration respond under these 2 different brace axial loads. When 
under brace axial tension, separation of the chord wall from the grout occurs at the 
chord-brace intersection, and the chord will take all the brace axial tension. The rest of 
the double-skin (grout and pile) merely acts as a flexible resistance to inward 
horizontal chord deformation.  
No separation of the chord wall from the grout can occur during brace axial 
compression, and part of the brace axial loading goes onto the grout and pile directly 
below the brace footprint; and all 3 components of the double-skin act together to take 
the brace axial compression. 


















 XP-0.7-57-33-T   crack
 XP-0.7-57-33-C   max
(a) XP-0.7-57-33-T & XP-0.7-57-33-C 

















 XP-0.7-57-65-T   crack
 XP-0.7-57-65-C   max
(b) XP-0.7-57-65-T & XP-0.7-57-65-C 
Figure 4-20: Comparisons of DSG X-joint under brace axial compression and brace 
axial tension; 2γ=57.1 
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 XP-0.7-41-34-T   crack
 XP-0.7-41-34-C   max
(a) XP-0.7-41-34-T & XP-0.7-41-34-C 

















 XP-0.4-41-34-T  
 XP-0.4-41-34-C   max
 (b) XP-0.4-41-34-T & XP-0.4-41-34-C 
Figure 4-21: Comparisons of DSG X-joint under brace axial compression and brace 
axial tension; 2γ=40.5 

















 XP-0.7-26-39-T   crack
 XP-0.7-26-39-C   max
 
XP-0.7-26-39-T & XP-0.7-26-39-C 
Figure 4-22: Comparisons of DSG X-joint under brace axial compression and brace 




4.5 AS & FG X-JOINT BEHAVIOR: BRACE AXIAL TENSION 
Three β ratios (β=1.0, 0.7 & 0.4) of AS and FG have been tested under brace axial 
tension. Since all DSG joints are of β<1.0, only the corresponding AS and FG joints of 
the same chord and brace dimensions are discussed. 
4.5.1 AS X-joints (β=0.7 & 0.4) 
Table 4-1: Test matrix for selected AS X-joints (Series 1) 
Geometric Parameters Specimen 
β 2γ τ 2γp 
Joint Type Brace Load 
X-0.7-57-T 0.7 57.1 1.0 
X-0.7-41-T 0.7 1.0 
X-0.4-41-T 0.4 40.5 0.6 
X-0.7-26-T 0.7 25.9 1.0 
N.A. As-welded Tension 
Chord Deformation 
The chord undergoes significant deformation. The joints were able to be loaded 
beyond the 2δ=0.06d0 deformation limit before crack initiation. Extensive chord 
deformation is observed; see Figure 4-23. 
The brace axial load is resisted by the chord via bending action in the chord wall, and 
eventually increasing membrane action as the portion of the chord between the saddles 
on both sides of the joint becomes straightened and stretched in the direction of the 
braces. Consequently, the horizontal chord ovalizations were larger; up to 2 times of 
the vertical chord ovalizations for the AS X-joints. 
Chord Plastification 
Yielding is first observed at the meridian positions at the centre of the chord, and 
extends in the horizontal direction along the length of the chord; see Figure 4-23. The 
location of the observed chord plastification at the meridian positions is consistent with 
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observed bending in the chord wall. No yielding of the brace was observed.  
Crack Propagation 
Crack initiation occurs at the saddle point on the chord. Loading does not drop 
immediately after crack initiation, and the crack is observed to propagate along the 
weld toe. Loading proceeds until the crack develops into a through thickness crack. 
The direction of crack propagation along the chord-brace intersection is consistent with 
the shear action of load transfer from brace to chord. The whitewash pattern usually 
indicates presence of stresses running along the chord wall; due to either bending or 
membrane stresses. Absence of yielding along the chord-brace intersection, as 
indicated by the whitewash pattern, is consistent with the load transfer between the 
chord and brace via only shear action, as shear stresses runs perpendicular to the chord 
wall. 
 
Figure 4-23: Typical failure shape of as-welded X-joint (β=0.7) under brace axial 





Original shape   
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4.5.2 FG X-joints (β=0.7) 
Table 4-2: Test matrix for selected FG X-joints (Series 1) 
Geometric Parameters Specimen 






1.0 N.A. Fully-Grouted Tension 
 
Chord Deformation 
No obvious chord deformation, except the localized chord deformations around the 
vicinity of the brace-chord intersection, can be observed. As loading increases, the 
chord deformation at this region becomes more significant. The FG X-joints have the 
large differences between 2δ and 2δm, indicating significant localized deformation. 
This results in change to the local dihedral angle, and changes the load transfer 
between the chord and brace along the brace-chord intersection. The joints were only 
able to be loaded up to 2δ=0.03d0 of chord ovalization before crack initiation. Unlike 
the AS joint, the relatively more rigid grout prevents any significant amount of chord 
ovalization: 2δh /d0 < 0.01 and 2δ>2δh, and the brace axial tension is resisted by the 
chord via both shear and membrane action in the chord. 
Chord Plastification 
Yielding is first observed along the chord-brace intersection. The presence of yielding 
along the chord-brace intersection, as indicated by the whitewash pattern, suggested 
that membrane action is also involved in the load transfer from brace to chord at the 
brace-chord intersection. The change in the local dihedral angle increases the 
membrane stress components. Chen’s formulation is based on this assumption of load 
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transfer (both membrane and shear action) at the chord-brace intersection. No brace 
yielding occurs. 
Crack Propagation 
Crack initiation occurs at the saddle point, and loading drops immediately. The 
direction of crack propagation is perpendicular to the direction of the braces, rather 
than along the weld toe which is observed in the AS joints. The difference in direction 
of crack propagation between the FG and AS joints supports a different load transfer at 
the chord-brace intersection for the FG joints.  
 
Figure 4-24: Typical failure shape of fully-grouted X-joint (β=0.7) under brace axial 
tension (Chen. 2010) 
 
Crack length 
Original shape   
Chapter 4 
 89 
4.6 DSG X-JOINT BEHAVIOR: BRACE AXIAL TENSION 
The observed joint behavior can be grouped by the β ratios. Typical behaviors for 
some DSG joints at β=0.7 were observed across the 2γ ratios tested. For the DSG joints 
of 2γ=57.1, differences in behavior observed within this group are due to varying pile 
stiffness. 
Table 4-3: DSG X-joints under brace axial tension (Series 2 in bold) 
Geometric Parameters Specimen 
β 2γ τ 2γp 
Joint Type Brace Load 
XP-0.7-57-25-T 1.0 25.4 








XP-0.7-41-34-T 0.7 1.0 
XP-0.4-41-34-T 0.4 40.5 0.6 34.1 
XP-0.7-26-39-T 0.7 25.9 1.3 38.8 
Double-skin Tension 
 
4.6.1 Typical Behavior (β=0.7) 
Similar observations are made for 3 DSG joints, XP-0.7-57-33-T, XP-0.7-41-34-T and 
XP-0.7-26-39-T. 
Chord Deformation 
The ovalization characteristic is in-between the corresponding AS and FG X-joints; see 
Figure 4-25. In the FG joints, the rigid in-filled grout effectively restricts any chord 
ovalization by prevent inward horizontal chord deformation with much of the chord 
deformation is localized at the vicinity of the brace footprint. On the other hand, 




























XG-0.7-57-T   XP-0.7-57-33-T  X-0.7-57-T
XG-0.7-41-T   XP-0.7-41-34-T  X-0.7-41-T
XG-0.7-26-T   XP-0.7-26-39-T  X-0.7-26-T
 
 *note: 2δ=0.10 d0 & 2δh=0.25d0 at Pmax 
Figure 4-25: Horizontal versus Vertical Chord Ovalization plotted up to Pmax; β=0.7 
Chord Plastification 
Yielding is first observed at the meridian at the centre of the chord, and proceeds from 
the centre of the joint, following a cross pattern with the arms of the cross developing 
towards the crown points; see Figure 4-26. Yielding pattern appears to be a series of 
stripes perpendicular to the direction of the arms of the cross, and is confined to the 
regions of the chord between the top and bottom braces. No brace yielding were 
observed.  
From the whitewash pattern, much of the chord yielding and chord deformation is 
concentrated to the region between the braces. The difference in whitewash pattern 
between the AS and DSG joints suggest that the chord resists the brace axial tension 
differently for the 2 joint types. The yield pattern displayed by the DSG X-joints is 








Crack initiation occurs at the saddle point for all DSG joints, and direction of crack 
propagation is along the weld toe. Loading drops immediately for XP-0.7-57-33-T and 
XP-0.7-41-34-T. Loading continues further for XP-0.7-26-39-T before a through 
thickness crack was developed. 
Like in the AS joints, crack propagation along the chord-brace intersection is 
consistent with the shear action of load transfer between the brace and chord. 
 
Figure 4-26: Typical failure shape and yield of double-skin joint under brace axial 
tension; β=0.7 




4.6.2 Typical Behavior (β=0.4) 
Similar observations are made for 3 double-skin joints, XP-0.7-41-34-T, XP-0.4-57-
33-T-A and XP-0.4-57-33-T-B.  
Chord Deformation & Plastification  
Chord ovalization was reduced in the β=0.4 DSG joints; less ovalization than 
corresponding DSG joints at β=0.7 (2δ>2δh). First observable yielding occurs between 
the saddle points at the centre of the chord, but the yielding does not develop into a 
distinguishable pattern. This indicate that a larger portion chord deformation in the 
β=0.4 DSG joints is around the brace footprint, in comparison to the β=0.7 DSG joints. 
 























 XP-0.4-41-34-T  X-0.4-41-T
 XP-0.4-57-33-T  
 
 *note: 2δ=0.17d0 & 2δh=0.25d0 at Pmax  
Figure 4-27: Horizontal versus Vertical Chord Ovalization plotted up to Pmax; β=0.4 
Crack Propagation 
In XP-0.4-57-33-T-A and XP-0.4-57-33-T-B, loading drops immediately following 
crack initiation. Crack propagates along chord-brace intersection; same as observed in 
the AS X-joints. Brace load is transmitted by shear action along the chord-brace 
δ 
δh 




4.6.3 Varying Pile Stiffness (β=0.7 & 2γ=57.1) 
The pile stiffness for the double-skin configuration is varied respectively for XP-0.7-
57-25-T, XP-0.7-57-33-T, and XP-0.7-57-65-T.  
Chord Deformation 
Both XP-0.7-57-25-T and XP-0.7-57-33-T has the ovalization characteristics typical of 
most the other DSG joints at β=0.7. As the pile stiffness is reduced in XP-0.7-57-65-T, 
the ovalization characteristic approaches that of the corresponding AS X-joint; see 
Figure 4-28.  
 























XG-0.7-57-T      X-0.7-57-T  
XP-0.7-57-25-T XP-0.7-57-33-T  XP-0.7-57-65-T
 
 *note: 2δ=0.10d0 & 2δh =0.25d0 at Pmax 
Figure 4-28: Effect of Pile Thickness on Horizontal Chord Ovalization plotted up to 
Pmax; β=0.7 & 2γ=57.1 
Chord Plastification 
For all the 3 DSG joints, the first observable yielding of the chord occurs at the centre 
of the joint between the two saddle points. Two types of yielding patterns can be 
δ 
δh 
*see note below 
Chapter 4 
 94 
observed depending on the pile thickness. Figure 4-29 (b) and (c) show the type of 
yielding typical of most other DSG joints at β=0.7, which appears as a series of stripes 
running in the 45 degrees direction, and eventually forming the cross pattern. The 
chords of XP-0.7-57-25-T and XP-0.7-57-33-T resists the brace axial tension via 
membrane tension in the region of chord between the braces, similar to other DSG 
joints at β=0.7. 
The yielding in Figure 4-29 (d), for XP-0.7-57-65-T, is similar to those seen in the AS 
joints; see Figure 4-29 (e). Rather than developing into the cross pattern, the yielding 
extends in the horizontal direction along the length of the chord. More chord 
ovalization in XP-0.7-57-65-T, the DSG joint with thinnest pile in the group, means 
that bending becomes the dominant action in the chord.  
Crack Propagation 
The crack propagation for XP-0.7-57-25-T, the DSG joint with the thickest pile, 
follows the direction similar to the FG joints, indicating that load transfer by both shear 
and membrane action from brace to chord; see Figure 4-29 (a) and (b). XP-0.7-57-25-T 
is the only DSG X-joint under brace axial tension which is able to achieve the same 
load as the corresponding FG X-joint. 
For XP-0.7-57-33-T and XP-57-65-T, the direction of crack propagation is along the 
chord-brace intersection, indicating load transfer by shear action from brace to chord 














* note: the whitewash (circled) was removed before testing for installation of a 
trial crack detention system. 
Figure 4-29: Yield pattern and crack propagation (marked by red line) for fully grouted, 
double-skin and as-welded X-joints; β=0.7 and 2γ=57.1 
 
*see note below 
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4.7 DSG X-JOINT BEHAVIOR: BRACE AXIAL COMPRESSION 
Table 4-4 lists all the DSG X-joints under brace axial compression. The observed joint 
behaviors are similar across the all 2γ and β ratios tested.  
Table 4-4: DSG X-joints under brace axial compression (Series 2 in bold) 
Geometric Parameters Specimen 
β 2γ τ 2γp 
Joint Type Load Type 
XP-0.7-57-33-C 1.3 32.5 
XP-0.7-57-65-C 0.7 57.1 1.3 64.5 
XP-0.7-41-34-C 0.7 1.6 
XP-0.4-41-34-C 0.4 40.5 1.3 34.1 
XP-0.7-26-39-C 0.7 25.9 1.3 38.8 
Double-skin Compression 
 
Unlike the DSG X-joints under brace axial tension, the differences between 2δ and 2δm 
are small, indicating no chord and grout separation below the brace footprint. Under 
brace axial compression, not all the brace load goes directly into the chord, and part of 
the brace load is being reacted upon by the grout and pile directly below the brace 
footprint. 
Chord Deformation 
The chord undergoes significant chord deformation, with transducers recording 
vertical flattening of the chord; see Figure 4-30. Like the DSG X-joints under brace 
axial tension, the ovalization characteristics can be grouped by the β ratios. Comparing 
XP-0.7-57-33-C & XP-0.7-57-65-C, the ovalization characteristics are not affected by 
the pile stiffness. Since all the DSG X-joints at β=0.7 have a variety of 2γ, 2γg & 2γp, 
there is no indication that the ovalization characteristics is affected significantly by the 
individual double-skin components.  
A peak in the load-deformation plot is reached. Unlike the DSG joints in brace axial 
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tension, no obvious yielding (from falling of the whitewash) is observed before the 
peak load. Figure 4-31 show the typical deformation after the 1st loading. Chord 
ovalization is observed for all the joints. Secondary out-of-plane becomes significant 























XP-0.7-57-33-C   XP-0.7-57-65-C  XP-0.4-41-34-C
XP-0.7-41-34-C   XP-0.7-26-39-C  
 
Figure 4-30: Horizontal versus Vertical Chord Ovalization plotted up to Pmax; double-
skin grouted X-joint under brace axial compression 
Secondary Out-of-plane Deformation 
Localized chord indentations at the saddles, and resulting pile indentation, can be 
observed nearing and after the peak load when the secondary out-of-plane effects 
become significant. Chord yielding is observed at the sites of indentation. The chord 
indentations occurred at only 2 saddle locations, each on the opposite side of the joint; 
see Figure 4-31. The location of the chord indentation is dependent on the direction of 
out-of-plane rotation of the top brace. Note the locations of the chord indentations with 
respect to the direction of the brace rotation. Since the top brace is restraint at the top 
laterally in the out-of-plane direction by the ball-seat, the out-of-plane brace rotation 





both sides of the joint. 
 
Figure 4-31: Typical failure shape of DSG X-joint under brace axial compression 
(loaded to 2δ=0.10d0 chord deformation); XP-0.7-57-33-C 
Before the compression tests were conducted, measurements of the specimen 
imperfections were made. The most obvious imperfections were the misalignments of 
the top and bottom brace. Both θX and θY, measured before and after the loadings, are 
summarized in Table 4-5. 
From Table 4-5, two observations about the out-of-plane effects can be made. First, 
only the out-of-plane rotation of the top brace is significant; see the numbers in bold. 
There are little changes for the rest of the brace angles for both bottom and top braces. 
Second, the top brace always rotates away from its initial out-of-plane imperfection. 












Table 4-5: Brace angles before and after loading (brace axial compression) 
Before test After 1st loading After 2nd loading Specimen 
θY (°) θX (°) θY (°) θX (°) 2δM θY (°) θX (°) 2δM 
#T -0.34 0.62 -0.22 -0.53 -0.05 -2.5 XP-0.7-57-33-C #B 0.0 0.53 0.0 0.38 0.10d0 -0.02 0.57 >0.16 d0 
T 0.41 -0.48 0.36 0.96 0.10 3.03 XP-0.7-57-65-C B 0.17 0.12 0.29 0.05 0.10 d0 0.26 0.07 >0.18 d0 
T 0.15 -0.75 0.27 0.30 0.19 2.37 XP-0.7-26-39-C B 0.27 -0.72 0.23 -0.72 0.10 d0 0.30 -0.79 >0.15 d0 
T 0.77 0.76 - - -0.29 -3.91 XP-0.4-41-34-C B 0.57 0.34 - - - -0.19 0.76 >0.13 d0 
#T & B: Top & Bottom brace 
The out-of-plane bending moment (MOB) in the top brace, calculated from the single 
strain gauges, always acted in the opposite direction of the initial imperfection; i.e. if 
the top brace has an initial positive θX, the MOB will always be in the negative direction 
and vice versa; see the initial θX of the top braces in Table 4-5 and the MOB in the top 
brace of the corresponding DSG joints in Figure 4-32 (a). 
Thus, it can be concluded that the out-of-plane effects are due to the MOB in the top 
brace during loading. This MOB is originated at the top where the compression load is 
transmitted via the ball-seat. Although the top flange and ball-seat had been made sure 
to be probably aligned and the ball-seat seat flatly on top of the top flange upon 
loading, the interaction of the tilted top brace with the ball-seat produced a MOB which 
increases with the axial loading until at least before ¾ of the peak load is reached. 
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Out-of-plane bending moment (kNm)
XP-0.7-57-33-C  XP-0.7-57-65-C
XP-0.7-26-39-C  XP-0.4-41-34-C
(a) Load vs MOB 













Out-of-plane chord movement (mm)
XP-0.7-57-33-C  XP-0.7-57-65-C
XP-0.7-26-39-C  XP-0.4-41-34-C
(b) Load vs ∆h 
Figure 4-32: Out-of-plane bending moment in top brace and horizontal chord 
displacement during the 1st loading; double-skin X-joint under brace axial compression 
As the chord is not restrained laterally, the MOB and brace rotation have resulted in a 
net out-of-plane horizontal movement (∆h) of the chord. The reference direction of ∆h 
is shown in Figure 4-33. 
 
Figure 4-33: Reference direction for out-of-plane horizontal chord movement, ∆h 
If the X-joint and the compression loading were perfectly aligned with no specimen 
initial imperfections, a symmetrical chord deformation produces no ∆h. Hence, ∆H is a 






Figure 4-32 (b) shows that the out-of-plane effects only become significant after the 
peak load. Hence, joint stiffness before the peak load is governed by resistance of the 
double-skin configuration against ovalization. 
Second Loading 
In the 2nd loading to which the joints were loaded beyond 2δ=0.10d0, the out-of-plane 
rotation of the brace, and the accompanying out-of-plane deformations (increasing 
chord and pile indentation) increases further; see Figure 4-34. The chord deformation 
along the chord-brace intersection also increases more than the areas around it, giving 
it an appearance of being ‘punching through’ by the brace. 
 
 
Figure 4-34: Typical failure shape of double-skin joint under brace axial compression 





Pile indentation  
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4.8 JOINT STRENGTHS & COMPARISONS WITH DESIGN 
CODES 
For the DSG X-joints under brace axial compression, the observable peak is taken as 
joint strength. For all the joints under brace axial tension, final failure always 
corresponds to chord fracture at the saddle location. For consistency in defining joint 
strength, if the peak load (in brace axial compression) or the load at crack initiation (in 
brace axial tension) occurs within the chord deformation limit of 2δ≤0.06d0 (Lu et al. 
1994), these will be taken as the joint strength. If not, the load at the deformation limit 
is the joint strength. In additional, the load level at brace failure (PBY: load at brace 
yielding) is also added. Although this is not considered a joint failure, this is included 
because brace failure has occurred in one of the DSG X-joints. 
Table 4-6 and Table 4-7 summarize the joint strengths of test specimens under brace 
axial tension and compression respectively. Except XP-0.7-57-33-T, the strengths are 
taken at the deformation for all the DSG X-joint under brace axial tension. It must be 
note that for all the DSG X-joints, the Pcrack are close to the PDL. This observation is 
consistent with Lu et al (1994)’s observation that crack initiation for AS joints occur 
around about 2.5-4% of chord deformations. It must be noted that even for the DSG X-
joint that reaches the load level of the corresponding FG X-joint, PDL still governs. For 




Table 4-6: Joint strengths under brace axial tension (DSG X-joints in bold) 
Load levels (kN) Specimen PBY PDL Pcrack Pmax Pu (kN) 
X-joints at 2γ = 57.1 
XG-0.7-57-T 2744 - 2295 2295 2295 (Pcrack) 
X-0.7-57-T 2744 484 484 642 484 (PDL) 
XP-0.7-57-25-T 2834 2149 2171 2171 2149 (PDL) 
XP-0.7-57-33-T 2744 - 1746 1746 1746 (Pcrack) 
XP-0.7-57-65-T 2834 1273 1309 1436 1273 (PDL) 
XP-0.4-57-33-T-A 2452 1033 1057 1057 1033 (PDL)  
XP-0.4-57-33-T-B 2452 1002 1013 1013 1002 (PDL) 
X-joints at 2γ = 40.5 
XG-0.7-41-T 2007 - 1558 1558 1558 (Pcrack) 
X-0.7-41-T 2007 446 530 611 446 (PDL) 
XP-0.7-41-34-T 2007 1308 1477 1477 1308 (PDL) 
X-0.4-41-T 465 278 463 479 278 (PDL) 
XP-0.4-41-34-T 465 817 - 465 817 (PDL) 
X-joints at 2γ = 25.9 
XG-0.7-26-T - - 2713 2713 2713 (Pcrack) 
X-0.7-26-T - 1102 1150 1170 1102 (PDL) 
XP-0.7-26-39-T 3434 1998 2150 2319 1998 (PDL) 
 
Table 4-7: Joint strengths under brace axial compression (Series 2 in bold) 
Load levels (kN) Specimen PBY PDL Pcrack Pmax Pu (kN) 
X-joints at 2γ = 57.1 
XP-0.7-57-33-C 3773 1754 - 1764 1764 (Pmax) 
XP-0.7-57-65-C 3773 1278 - 1305 1305 (Pmax) 
X-joints at 2γ = 40.5 
XP-0.7-41-34-C 3073 1174 - 1199 1199 (Pmax) 
XP-0.4-41-34-C 1372 1041 - 1042 1042 (Pmax) 
X-joints at 2γ = 25.9 
XP-0.7-26-39-C 3434 2144 - 2285 2285 (Pmax) 
 
The test results are to be compared with the current design equations for both the AS 
and grouted joints. The AS X-joint formulation (ISO-AS) provides the predictions for 
the AS joints and the strength factors are required for the equivalent thickness 
approach (ISO-Teq) used in calculation of the DSG X-joint strengths. By using the 
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same strength factors of the corresponding AS joints, the ISO-Teq approach implicitly 
assumes that the joint behavior and failure modes of the DSG joints are similar to the 
AS joints, i.e. the DSG X-joint is converted into an AS X-joint with an equivalent 
thickness. In the calculation of the equivalent thickness, the ISO formulation does not 
take into account the grout to the bending capacity of the double-skin configuration. 
Although the punching shear formulation (PS) is used for punching shear failure in AS 
joints, the test results from DNV (1984) support the adequacy of the punching shear 
formulation for DSG X-joints under brace axial tension. For the FG X-joints under 
brace axial tension, Chen’s formulation for FG X-joints (or XG-CZ) is modified from 
the punching shear formulation (PS). From experimental observation, XG-CZ is 
formulated based on the assumption of shear and membrane actions at the chord along 
the chord-brace intersection, and had been verified by extensive numerical parametric 
analyses. XG-CZ will be used instead of the ISO and API grouted joint formulation 
(API-G). Although the proportion of shear and membrane is a function of the local 
dihedral angle, the recommended version assumes a linear distribution for the dihedral 
angle: 




















The membrane component in the load transfer becomes significant for large β ratios, 
particularly β>0.5. For the smaller β ratios, the strength prediction approaches that of 
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PS, because the membrane component reduces with the β ratio. 
4.8.1 Axial Brace Tension 
Table 4-8 summarizes the predictions from ISO-AS, XG-CZ, PS and ISO-Teq. The 
predictions are compared with the joint strength from the test results. The ratios of the 
predictions over the test results are summarized in Table 4-9. In each table, the X-
joints (FG, AS and DSG) are grouped according to their 2γ ratios. 
 
Table 4-8: Code predictions for test specimens (DSG X-joints in bold) 
Predictions (kN) Specimen Pu (kN) ISO-AS XG-CZ PS ISO-Teq 
X-joints at 2γ = 57.1 
XG-0.7-57-T 2295 346 1951 1805 - 
X-0.7-57-T 484 346 1951 1805 - 
XP-0.7-57-25-T 2149 339 1851 1713 1827 
XP-0.7-57-33-T 1746 358 1951 1805 1258 
XP-0.7-57-65-T 1273 339 1851 1713 571 
XP-0.4-57-33-T-A 1033 203 1010 986 698 
XP-0.4-57-33-T-B 1002 203 1010 986 698 
X-joints at 2γ = 40.5 
XG-0.7-41-T 1558 323 1226 1144 - 
X-0.7-41-T 446 323 1226 1144 - 
XP-0.7-41-34-T 1308 322 1226 1144 727 
X-0.4-41-T 278 204 721 703 - 
XP-0.4-41-34-T 817 204 721 703 403 
X-joints at 2γ = 25.9 
XG-0.7-26-T 2713 850 2067 1930 - 
X-0.7-26-T 1102 850 2067 1930 - 




Table 4-9: Ratios of predictions over Pu (DSG X-joints in bold) 
Pu / Prediction   Specimen Pu (kN) ISO-AS XG-CZ PS ISO-Teq 
X-joints at 2γ = 57.1 
XG-0.7-57-T 2295 6.63 1.18 1.27 - 
X-0.7-57-T 484 1.40 0.25 0.27 - 
XP-0.7-57-25-T 2171 6.33 1.16 1.25 1.18 
XP-0.7-57-33-T 1746 4.88 0.89 0.97 1.39 
XP-0.7-57-65-T 1273 3.76 0.69 0.74 2.23 
XP-0.4-57-33-T-A 1033 5.09 1.02 1.05 1.48 
XP-0.4-57-33-T-B 1002 4.94 0.99 1.02 1.44 
X-joints at 2γ = 40.5 
XG-0.7-41-T 1558 4.84 1.27 1.36 - 
X-0.7-41-T 446 1.38 0.36 0.39 - 
XP-0.7-41-34-T 1308 4.06 1.07 1.14 1.80 
X-0.4-41-T 278 1.36 0.39 0.40 - 
XP-0.4-41-34-T 817 4.00 1.13 1.16 2.02 
X-joints at 2γ = 25.9 
XG-0.7-26-T 2713 3.19 1.31 1.41 - 
X-0.7-26-T 1102 1.30 0.53 0.57 - 
XP-0.7-26-39-T 1998 2.48 1.04 1.12 1.98 
 
For better illustrations of the trends, the predictions and test results are plotted in 
Figure 4-35, Figure 4-36, and Figure 4-37, which are grouped according to the 2γ 
ratios. In each Figure, the first plot compares test results with ISO, PS and XG-CZ 
along β, and the second and third plots compares test results with ISO-Teq along 2γP. 
The static strengths of the AS X-joints compare well with ISO-AS predictions. 
Although it has been recognized that the load transfer between the chord and brace 
along the chord-brace intersection is by shear action, the static strengths of the AS 
joints are much lower than the PS predictions, which assumes the shear stresses along 
the chord-brace intersection to be evenly distributed. Severe chord ovalization had 
already occurred before the final punching shear failure. 
XG-CZ gives a better prediction over PS for the FG joints. This is because the 
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modified punching shear mechanism (both shear and membrane action along the 
brace-chord intersection) of the FG joint has been taken into account. 
ISO-Teq gives conservative predictions, especially for the DSG joints at higher 2γP 
ratios, or lower 2γ ratios. The strengths predicted by ISO-Teq would approach 
strengths of the corresponding AS joints as the pile get thinner, but test results of XP-
0.7-57-65-T and XP-0.7-26-39-T shows that this is clearly not the case; see Figure 
4-35  (b) and Figure 4-37 (b). 
With the exception of XP-0.7-57-25-T and XP-0.7-57-65-T, the joint strengths of all 
the DSG X-joints are close to the predictions by PS; see Figure 4-38. The double-skin 
configuration, by providing a flexible resistance to chord ovalization, may result in a 
more even stress distribution along the chord-brace intersection; closer to the 
assumption in the punching shear equation. For the β=0.7 DSG X-joints with strength 
predicted by PS, the joints show similar experimental observations in terms of chord 
yielding and ovalization; see section 4.6.1. 
XP-0.7-57-25-T (thickest pile) is the only DSG X-joint which achieves the strength of 
the corresponding FG X-joint; see Figure 4-35 (a). Crack propagation in XP-0.7-57-
25-T shows similar load transfer mechanism with the FG joints at the chord-brace 
intersection. All the other DSG joints achieved significantly lower strengths than their 




























(a) Joint strengths versus β 






















(b) Joint strengths versus 2γp for β=0.7 




















(c) Joint strengths versus 2γp for β=0.4 
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(a) Joint strengths versus β 



















(b) Joint strengths versus 2γp for β=0.7 



















(c) Joint strengths versus 2γp for β=0.4 




























(a) Joint strengths versus β 





















(b) Joint strengths versus 2γp for β=0.7 




















(c) Joint strengths versus 2γp for β=0.4 






























XP-0.7-57-25-T   XP-0.7-41-34-T
XP-0.7-57-33-T   XP-0.4-41-34-T
XP-0.7-57-65-T   XP-0.7-26-39-T
XP-0.4-57-33-T-A
 
Figure 4-38: Comparison of DSG X-joint under brace axial tension with punching 
shear equation 
 
4.8.2 Axial Brace Compression 
Table 4-10 summarizes the predictions from ISO, PS and ISO-Teq; together with the 
test results of the DSG X-joints under brace axial compression. The ratios of the 
predictions over the test results are summarized in Table 4-11. The DSG X-joints are 
grouped according to their 2γ ratios. 
Table 4-10: Code predictions for test specimens 
Predictions (kN) Specimen Pu (kN) ISO-As PS ISO-Teq 
X-joints at 2γ = 57.1 
XP-0.7-57-33-C 1760 290 1713 921 
XP-0.7-57-65-C 1305 290 1713 470 
X-joints at 2γ = 40.5 
XP-0.7-41-34-C 1199 260 1144 496 
XP-0.4-41-34-C 1042 191 732 438 
X-joints at 2γ = 25.9 




Table 4-11: Ratios of predictions over Pu 
Predictions / Pu Specimen Pu (kN) ISO-As PS ISO-Teq 
X-joints at 2γ = 57.1 
XP-0.7-57-33-C 1760 6.07 1.02 1.91 
XP-0.7-57-65-C 1305 4.50 0.76 2.78 
X-joints at 2γ = 40.5 
XP-0.7-41-34-C 1199 4.61 1.04 2.42 
XP-0.4-41-34-C 1042 5.46 1.42 2.37 
X-joints at 2γ = 25.9 
XP-0.7-26-39-C 2285 3.67 1.27 2.96 
 
Similarly, the results are plotted for better illustrations of the trends; see Figure 4-39, 
Figure 4-40, and Figure 4-41. No AS X-joints have been tested under brace axial 
compression. There are only 2 DSG X-joints with varying pile thickness: XP-0.7-57-
33-C and XP-0.7-57-65-C. T. Similar to the tension cases, ISO-Teq gives conservative 
predictions, and the under-prediction is larger with higher 2γP ratios, or lower 2γ ratios. 
Although predictions by PS maybe good candidate for upper limit joint strengths for 
the compression cases, PS does not reflect the failure mode in the compression cases. 
In this formulation, the γ values in the Qu factors are based on the chord thickness, not 
the equivalent thickness. For the DSG X-joints under brace axial tension, this 
assumption is valid since the brace tensile load can only be transmitted directly into the 
chord, with separation of the chord from grout below the brace footprint. For the DSG 
joints under brace axial compression, no separation of the chord and grout under the 
brace footprint is possible. Part of the brace load is reacted directly on the grout below 
the brace footprint. 
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(a) Joint strengths versus β 




















(b) Joint strengths versus 2γp for β=0.7 


















(c) Joint strengths versus 2γp for β=0.4 
























(a) Joint strengths versus β 


















(b) Joint strengths versus 2γp for β=0.7 


















(c) Joint strengths versus 2γp for β=0.4 
























(a) Joint strengths versus β 




















(b) Joint strengths versus 2γp for β=0.7 



















(c) Joint strengths versus 2γp for β=0.4 





4.9 SUMMARY OF FINDINGS 
Intuitively, the stiffness and strength of the DSG X-joint can be assumed to be in-
between those of the FG and AS X-joint. The load transfer mechanism of the X-joint 
involves (1) load transfer between the brace and chord along the chord-brace 
intersection; and (2) across the chord. 
For the AS X-joint under brace axial loading, load transfer between the brace and 
chord involves shear action along the brace-chord intersection; and load transfer across 
the chord involves both mainly bending, and later membrane actions. Although shear 
action is the load transfer between the brace and chord, the punching shear formulation 
(PS) over-predicts because (i) of the uneven shear stress distribution in the AS joints, 
and (ii) severe chord ovalization has occurred before chord fracture occurs. The ISO-
AS formulation is able to capture the associated failure modes adequately. 
For the FG X-joints, the presence of the rigid in-filled grout prevents any chord 
ovalization. Chord deformation is restricted to the vicinity of the chord-brace 
intersection. The load transfer between the brace and chord involves both punching 
shear and membrane action along the brace-chord intersection. Since ovalization is 
restricted, membrane action in the chord wall is responsible for load transfer across the 
chord. Chen’s formulation (XG-CZ) is based on this modified shear transfer between 
the chord and brace. Unlike the rigid in-filled grout in the FG joints, the double-skin 
configuration is relatively more flexible, and some amount of chord ovalization can be 
observed. 
4.9.1 Brace Axial Tension 
For the DSG X-joints under brace axial tension, the joint behavior and failure is shown 
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to be modified by the pile stiffness. The typical load transfer between the brace and 
chord along the chord-brace intersection is mainly shear action, with punching shear 
failure as the dominant failure mode for most DSG X-joints; punching shear 
formulation (PS) predicts adequately for many DSG X-joints.  
Increasing the pile stiffness results in both membrane and shear action for the load 
transfer mechanism between the brace and chord along the chord-brace intersection, 
tending towards the FG behavior; Chen formulation (XG-CZ) predicts the fracture 
load of XP-0.7-57-25-T. 
From the observed yielding pattern, the load transfer across the chord is mainly 
membrane actions occurring mostly within the portions of the chord between the 
braces. Decreasing the pile stiffness causes the chord to undergo more ovalization. 
Bending actions in the chord becomes more dominant, and chord ovalization becomes 
the resulting failure mode in XP-0.7-57-65-T. Although the joint behavior approaches 
the AS behavior, the ISO-Teq under-predicts the joint strength significantly. This is 
probably because of contribution of grout to bending capacity of the double-skin. 
4.9.2 Brace Axial Compression 
For the DSG X-joints under brace axial compression, the joint behavior and failure are 
not shown to be affected by pile stiffness. Similar ovalization characteristics and 
failure modes are observed for all the DSG X-joints at β=0.7. Before the peak load is 
reached, chord ovalization is observed to be the main load transfer mechanism across 
the chord, and ovalization characteristic of the DSG joint is only observed to be 
affected by β ratio. 
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Unlike in the brace axial tension cases, only part of the brace load goes into the chord 
via shear action along the chord-brace intersection. With no separation of the chord 
and grout below the brace footprint, the rest of the brace load is reacted upon by the 
grout and pile beneath. The punching shear formulation (PS), which assumes brace 
loading to be transfer by shear into the chord wall, does not reflect the actual load 
transfer of the DSG X-joint under brace axial compression. 
The ISO-Teq formulation consistently under-predict the strength of DSG X-joint under 
brace axial compression. Like the DSG X-joints under brace axial tension, the strength 
of the DSG X-joints under compression does not approach the strength of the 
corresponding AS joints as the pile stiffness is reduced. This is also probably because 
of contribution of grout to bending capacity of the double-skin. 
4.9.3 Conclusion 
Some distinct differences between the DSG X-joints under brace axial tension and 
compression are observed. When under brace axial tension, the joint behavior and 
failure mode of the DSG X-joint are affected by the stiffness of the pile. Chord 
yielding and ovalization vary between those of the corresponding FG joints and AS 
joints as pile stiffness changes. The load transfer of at the chord-brace intersection is 
mostly shear, but with a stiff enough pile, the membrane component becomes 
significant, as shown by the direction of crack propagation from the point of initiation.  
The load transfer across the chord is mainly membrane; similar to the corresponding 
FG joints. With decreasing pile stiffness, more bending of the chord wall is involved, 
and the chord ovalization approaches that of the corresponding AS joint. As a result, 
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the failure mode changes from punching shear to chord ovalization. 
For the DSG X-joints under brace axial compression, joint behavior and failure are not 
shown to be affected by the stiffness of the pile. Ovalization characteristics are only 
affected by the β ratio of the joints. No AS joint is tested under brace axial 
compression, no comparison can be made. 
Since, it is difficult to place instruments to measure directly the 
deformation/displacement of the pile and grout (measurements are easier to be done on 
both the chord and brace), calibrated numerical finite element models will be examined 
for more information about the DSG X-joint behavior. In particular, useful information, 
like deformation and plastification of the individual components of the double-skin, 
can be obtained from the numerical model for more insights on the joint behaviors. 
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5 FINITE ELEMENT MODELING & ANALYSIS 
5.1 INTRODUCTION 
With limited number of test specimens, the focus of the experiments is mainly on joint 
behavior and strengths across geometric parameters, loading types and grouting types. 
The numerical finite element models served to extrapolate the observed joint behavior 
and failure modes for further understanding. By extending and supplementing the test 
results over a wider range of geometric parameters, numerical results can verify trends 
by any new strength formulations.  
Since numerical finite element analysis is important, several aspects of the finite 
element modeling are discussed in the current chapter: geometry & boundary 
conditions to achieve test loading conditions, element and mesh densities selections, 
material models, and contact conditions at the steel-grout interface. 
The load-deformation plots from the experiments are used in the calibration process; in 
which the numerical sensitivity studies would identify the factors which are significant 
to joint stiffness and strength. The numerical and experimental load-deformation plots 
of the DSG X-joints display more differences than the plots of the corresponding AS 
and FG X-joints. Sensitivity studies show that the variations in contact conditions at 
the steel-grout interface and grout properties can account for some of the differences. 
In addition, the sensitivity studies on the Concrete Damaged Plasticity model serve to 
verify the relevant material parameters for the Ducorit® D4.  
From the sensitivity studies, the finalized set of parameters for the materials and 
contact is shown to be suitable for use in the subsequent analyses. 
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5.2 KEY ASPECTS OF FINITE ELEMENT ANALYSIS 
5.2.1 Software & Hardware 
For the modeling and numerical analysis, two Finite Element software packages, MSC 
PATRAN and ABAQUS are used. Both these packages operate under UNIX 
environment. PATRAN operates on a SUN workstation, while ABAQUS runs on a HP 
workstation. 
PATRAN is a 3D computer aided-engineering software package, used primarily for 
creating models with accurate dimensions and fine control over mesh density. This is 
especially useful for the weld profiles and areas around the brace-chord intersections. 
The Patran Command Language allows for model building with dimension and mesh 
density controls to be automated. This enables models with varying geometric 
parameters to be generated readily for analyses. The finite element models, generated 
by Patran, are then assigned the required material properties, contact conditions, and 
boundary condition using ABAQUS/CAE (GUI to pre-process and post-process 
ABAQUS models). 
The primary purpose of ABAQUS is a FE solver. The ABAQUS Standard solver is 
used, performing only static analyses in which the equilibrium equations are solved at 
each current step by a Newton-Raphson iteration scheme. Alternatively, dynamic 
analyses can be done using the ABAQUS Explicit solver, in which the central 
difference numerical integration scheme (an explicit time integration method) is used 
to calculate solutions at the current step by taking equilibrium at the previous step. All 
analyses in the current chapter are done using ABAQUS Standard. 
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The analysis takes full account of both material & geometric non-linearity, and contact 
formulation. Material non-linear effects include effects of yield strength, strain 
hardening/softening and material damage. Geometric non-linear effects include effects 
of large deformations, large rotations, and the accompanying secondary effects.  
5.2.2 Geometry & Boundary Conditions 
For the purpose of calibration using the test specimens, the dimensions of the 
numerical models are based on the measured dimensions (lengths, diameters and wall 
thickness) of the corresponding tubes; see Table 3-4 & Table 3-5 in Section 3.4.1. 
Since the measurements on the coupons are more consistent, wall thickness 
measurements from the coupons, if available, are being used for the numerical models. 
The boundary conditions have been applied as close to the actual set-up as possible 
without modeling the test rig and attachments. Like the actual testing, the axial brace 
loading on the X-joint is displacement-controlled. Since the vertical load is actually 
applied on the thick flange welded to the top of the brace, the load is assumed to be 
distributed evenly at the top of the brace. 
Because of the symmetry in terms of specimen geometry and loading, only one eighth 
of the specimen maybe modeled; see Figure 5-1. On each plane of symmetry, the 
translational degree of freedom perpendicular to the plane is zero. From the observed 
state of the test specimens before testing, the out-of-plane brace imperfections are the 
most obvious. In order to investigate out-of-plane effects, half of the specimen is 
modeled. Only one plane of symmetry is present; see Figure 5-2. Load eccentricities, 
calculated from the brace moments, can be modeled. For modeling load eccentricity, 
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part of the flange is modeled in order for point loading to be applied. 
 
Figure 5-1: One-eighth model 
 























loading with out-of-plane 
eccentricity 


































5.2.3 Modeling of Steel 
The steel is modeled with the classical metal plasticity model available in ABAQUS, 
which uses the standard von Mises yield criteria with associated plastic flow and 
isotropic hardening. Before yielding, steel exhibit linear elastic behavior. After yield, 
the material undergoes plastic deformation during loading. Hardening involves 
evolution of the yield surface in the principle stress space. 
In ABAQUS, the material data for steel to be inputted are the Young’s Modulus, 
Poisson’s ratio and the true stress-plastic strain data. The Young’s modulus (E) can be 
measured directly from the uniaxial tensile coupon tests, and values range from 
200~210MPa. Poisson’s Ratio is taken to be υ = 0.3. Since the true stress-plastic strain 
data is needed, the true stress-strain curve (Figure 5-3 (a)) is then converted to the true 
stress-plastic strain curve (Figure 5-3 (b)) by: 
E
pl σ
−ε=ε           (5-1) 
Since equation (3-2) does not take into necking of the coupon specimen, the portion of 
true stress-strain curve after the peak should not be included. Alternatively, the true 
stress-strain curve in the strain-hardening portion can be fitted by a power law: 
mk ε⋅=σ           (5-2) 
Chen (2010) shown that the numerical results of the X-joints show no significant 
difference using either of true stress-strain curves in Figure 5-3 (b). Vegte, van der 
(1995) had also reported the same outcome regarding the choice of curves. 
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 engineering stress - nominal strain
 true stress - strain
 true stress - strain (power law)
(a) stress versus strain 
(from coupon test) 





















 true stress - strain
 true stress - strain (power law)
(b) stress versus plastic strain  
(to be inputted) 
Figure 5-3: Stress-strain curve to be inputted 
 
5.2.4 Modeling of Grout: Concrete Damaged Plasticity 
The material constitutive model for the grout is the Concrete Damaged Plasticity (CDP) 
model available in ABAQUS. This model, based on the work of Lubliner et al (1989) 
and Lee et al (1998), is mainly to provide general capability for the analysis of 
concrete structures under static or dynamic loading, and is being used by the Nautic 
Group for characterizing the constitutive behaviors of their HS and UHS materials. 
General features of the model are discussed in order to understand the required 
inputted parameters. For complete details of the model, please refer to the ABAQUS 
Theory Manual (2011). 
The CDP model is a non-associated flow rule plasticity model, with isotropic 
hardening. Both the yield surface and flow potential operate in the effective stress 











=σ       (5-3) 
The scalar damage (d) represents the amount of damage within a material point: a 
material can range from having zero damage (d = 0) to full damage (d = 1). When a 
material is damaged (d > 0), the load carrying area of the material is reduced. The 
scalar damage is in turn consisted of the compressive damage and tensile damage. 
Both ts  & cs  are weighting functions which are dependent on the principle stresses at 
the material point.  
The effect of the damage parameter can be illustrated in the uniaxial stress-strain 










+ε=ε+ε=ε         (5-4) 
where i is c for compression and t for tension. 
If no damage is assumed in the material model, the plastic strain is the inelastic strain. 












Figure 5-4: Breakdown of total strains 
 
Only 2 parameters: cybcy σσ  (ratio of biaxial and uniaxial compressive strength), 
and CMTM qq  (ratio of the deviator stress magnitudes ( eff2J2q ⋅= ) on the tensile and 
compressive meridians) are required to determine the shape of yield surface at any 
state of plastic loading; cybcy σσ  determines the shape of yield surface in the biaxial 
stress plane (plane stress condition) and CMTM qq the shape in the deviator plane 
(constant hydrostatic stress); see Figure 5-5 (a) and (b). Since the ratio, CMTM qq  is a 
























(a) Yield surface on biaxial stress plane 
 
(b) Yield surface on deviator plane 
Figure 5-5: Yield Surface of the Concrete Damage Plasticity Model in effective stress 
space 
The flow potential is a Drucker-Prager type function, and the shape is essentially a 
cone aligned in the direction of the hydrostatic stress axis, with the cone tip pointing 
into the tensile stress space.  








tanJ3tanFG      (5-6) 
Two parameters control the flow potential: the dilation angle ψ  and eccentricity ς . 
The dilation angle ψ  is the angle of the cone when the flow potential is plotted in 




⋅  axes; and directly affects the amounts of volumetric plastic 
strain during plastic loading. The eccentricity ς  is to allow the cone tip to be ‘rounded 
off’, so that numerical difficulty may be avoided for stresses near or at the tip. 



























1 σ=σ≥σ  for data on tensile meridian) tests. Due to limitations of test 
equipments in the Laboratory, reference test results from available literature sources 
have to be used; see section 5.6.4. 
The concrete has linear elastic behavior before reaching the yield stress, and the 
behavior is described by the Young’s Modulus and Poisson’s ratio. In compression, the 
model allows strain-hardening after the initial yield, and strain-softening beyond the 
compressive strength; see Figure 5-6. In tension, there is no strain-hardening, and the 
material undergoes strain-softening after the failure tensile stress. In principle, the 
stress-strain curves are to be obtained from uniaxial testing on concrete specimens, and 
the stress-strain curves can be calculated using equation (5-1). 




















Total Strain (unit strain)
(a) stress versus strain 
(from test or assumed) 




















Inelastic Strain (unit strain)
(b) stress versus inelastic strain  
(to be input) 
Figure 5-6: Uniaxial Compressive stress-strain curves of grout 
Since both the yield surface and flow potential operate in the effective stress space, the 



















          (5-7) 
In principle, both compressive and tensile damage can be obtained by measuring the 
Young’s Modulus during the strain-softening stage. Due to the high strength and 
stiffness of the Ducorit® D4 material, the current test equipments are not stiff enough 
to capture the strain-softening portions, and the stress-strain curves and damage 
parameters have to be assumed based on available literature sources; see section 5.6.3. 
5.2.5 Contact Conditions 
Accurate modeling of the contact condition at the steel-grout interfaces is important to 
the behavior of the DSG joint behavior. Frictional resistance is modeled in the 
numerical analyses using Coulomb friction, where frictional resistance is proportional 
to the normal compressive stress between the surfaces in contact. This ratio of 
proportionality, or friction co-efficient µ, may range from 0.57 to 0.7 (Rabbat et al. 
1985) or 0.4 to 0.6 (DNV-OS-J101. 2010; Nielsen. 2007). According to product data 
from Densit, the friction coefficient of Ducorit® D4 on steel is µ = 0.6. 
In addition to frictional resistance at the steel-grout interfaces, interfacial bond in the 
form of adhesion exists between the steel and grout. Although finding by Rabbat et al. 
(1985) suggested the interfacial bond to be ranging from 0.17 to 0.61MPa, various 
studies on grouted members and joints find this effect not to be significant to strength 
(Andersen et al. 2004; Choo et al. 2007a; Chen. 2010; and Shen. 2010). 
In particular, the experimental and numerical studies (DNV. 2007 & 2010; Andersen et 
al. 2004) on flexural and axial loading on pile-in-sleeve grouted connections 
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(essentially double-skin configuration) in which friction at the interfaces play an 
important role in the load-transfer, good correspondence between experimental and 
numerical results are achieved by assuming only Coulomb friction with µ = 0.7 (DNV. 
2007 & 2010) & 0.6 (Andersen et al. 2004) in their numerical analyses. 
The interface between the steel and grout surfaces was modeled using contact pairs 
consisting of master and slaves surfaces. Generally, the master surface should be 
chosen as the surface of the stiffer body, or as the surface with the coarser mesh if the 
two surfaces are on structures with comparable stiffness (ABAQUS User Manual). 
Since both the steel walls and grout have comparable thicknesses, all steel surfaces are 
set as master, and grout surfaces as slave. Hard contact is specified to minimize the 
penetration of slave nodes into the master surface. The penalty method is used to 
enforce the constraints in both normal and tangential directions at the interfaces. 
 
Figure 5-7: Matching meshes for chord, grout and pile 
The double-skin configuration is modeled with matching meshes for the chord, grout 
and pile; see Figure 5-7. Numerical work by Shen (2010) found that matching mesh is 
important for accurate stress analyses in the model. Matching mesh allows zero 
CHORD GROUT PILE 
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clearance and zero penetration of the surfaces to be achieved at the start of analysis. 
For large deformation analyses, “unintentional contact openings or overclosure can 
lead to poor interpretation of surface geometry” (Abaqus User Manual). 
 
5.3 MESH SENSIVITY STUDIES 
5.3.1 Element Type and Mesh Density 
From the experiences of Choo et al (2003a; 2003b; 2004; 2005), Shen (2010) and Qian 
et al (2005; 2007), the 20-noded solid element with reduced integration (designated 
C3D20R in ABAQUS) have been used to predict reliably the load-deformation plots of 
tubular joints. The 8-noded solid element (C3D8 or C3D8I), which use significantly 
less computational resources, has been found to be suitable for the analyses of FG X-
joints (Chen 2010). Moreover, only the 8-noded solid elements are available for 
implementing the Continuum Damage Model. Numerical results for three element 
types are shown in Figure 5-8. 
The C3D8 elements are overly stiff under bending and tend to give more rigid results 
for the AS joints. The 8-noded solid element with incompatible mode (C3D8I) is used 
in ABAQUS for the purpose of eliminating the artificial stiffness encountered in 
bending; see ABAQUS Theory Manual (2011). The results of both C3D8I and 
C3D20R elements show insignificant differences for the same mesh density. The 
overly stiff behaviour exhibited by the C3D8 models is clearly evident in the AS and 
DSG X-joints. Hence, the C3D8I elements are used for all subsequent analyses. 
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 C3D8I   C3D8
 C3D20R
(a) AS X-joints 
(brace axial tension) 















 C3D8I   C3D8
 C3D20R
(b) FG X-joints 
(brace axial tension) 















 C3D8I   C3D8
 C3D20R
(c) DSG X-joints 
(brace axial tension) 















 C3D8I   C3D8
 C3D20R
(d) DSG X-joints  
(brace axial compression) 
Figure 5-8: Comparison of element types for 2γ=57.1& β=0.7 X-joints under brace 
axial loads 
The element size for the finite element model is varied in such a way that the mesh 
density is the highest where the deformations are the most severe. This corresponds to 
the region of the chord around the vicinity of the brace-chord intersection. Within this 
region which extends to about 0.8 ~ 1.0 d0 of chord length, the aspect ratio of the 




Figure 5-9: Mesh Density 
The mesh density of the chord is reduced as the length (lx) of element in the direction 
of the chord is increased. The mesh density of the brace is reduced by increasing the 
element size to approximately 4 times the element size at the brace-chord intersection. 
Four mesh densities are studied for the C3D8I elements; see Table 5-1. 
Table 5-1: Element sizes and layers 
 Mesh 1 Mesh 2 Mesh 3 Mesh 4 ( ) 2lll xyave +=  0.1 d0 0.05 d0 0.03 d0 0.01 d0 
Chord 2 layers 2 layers 2 layers 4 layers 
Grout 4 layers 4 layers 4 layers 8 layers 














5.3.2 AS & FG X-joints 
The mesh density study is first done on the corresponding AS and FG X-joints, which 
have relatively less non-linear effects to be considered in the numerical analyses. 
Although CDP model and contact analyses are involved in the FG joint analyses, these 
are less sensitive to the FG joint behavior; Chen (2010). 
Deformation of the AS chord is more extensive with bending as the dominate action, 
while the deformation of the FG chord is mainly concentrated around the vicinity of 
the brace-chord intersection with membrane action dominating. Intuitively, the 
deformation pattern of the DSG chord is between those of the AS and FG chords. 
Experimental observations show that this is true for the DSG X-joint under brace axial 
tension, while the joint behavior of DSG X-joint under brace axial compression is 
similar to those of the corresponding AS joints.  















 Mesh1   Mesh2  Test
 Mesh3   Mesh4
(a) X-0.7-57-T 















 Mesh1   Mesh2  Test
 Mesh3   Mesh4
(b) XG-0.7-57-T 
Figure 5-10: Mesh density studies for C3D8I elements; AS and FG X-joints under 
brace axial load 
Hence, the appropriate mesh scheme for both AS and FG joints should also provide the 
correct solution for DSG X-joint. A mesh density with element size of 0.05 d0 and 2 
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layers is required for convergence for AS and FG joints; see Figure 5-10. Since Mesh 2, 
3 and 4 are sufficient to capture the deformation patterns of the steel parts, only these 
meshes are examined for the DSG joints. 
5.3.3 DSG X-joints 
The numerical finite element analysis of the DSG X-joint needs to take into 
considerations more non-linear effects: CDP model for the grout, and contact analyses 
at the steel-grout interfaces under large deformations. 
One of the main concerns for damaged plasticity models is strong mesh sensitivity 
(element size, shape and orientation) during strain-softening, and tendency to display 
more brittle behaviors upon mesh refinement; Poh et al (2009a & b). Although 
advanced methods involving non-local gradient formulations e.g. Poh et al (2009b) for 
concrete damaged plasticity models are effective for mitigating the mesh dependency 
problem, visco-plastic regularization is employed in the ABAQUS CDP model. 
Since matching mesh is used for the chord, grout and pile, the meshes for the three 
layers are refined consistently. Convergence of the numerical results have been 
achieved with mesh refinement, and effects of mesh sensitivity due to strain-softening 
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(a) XP-0.7-57-33-T & XP-0.7-57-33-C 
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(b) XP-0.7-57-65-T & XP-0.7-57-65-C 
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(c) XP-0.7-41-34-T & XP-0.7-41-34-C 
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(d) XP-0.7-26-39-T & XP-0.7-26-39-C 
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(e) XP-0.4-41-34-T & XP-0.4-41-34-C 
Figure 5-11: Mesh density studies for C3D8I elements; DSG X-joints under brace 
axial tension (left) and compression (right) 
To assess the effect of mesh sensitivity due to strain-softening, the portion of the grout 
under strain-softening is examined. This corresponds to the meridian position where 
compressive damage has occurred in the numerical model; see Figure 5-12 for XP-0.7-
41-34-C at Pmax. The compressive damage at 3 positions along the chord for Mesh 2 
and 4 shows good agreement between the 2 mesh densities. Figure 5-13 shows the 
corresponding normal stress, and the effect of mesh sensitivity due to strain-softening 
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(d) dc across grout thickness at 2.0 d0 
Figure 5-12: Compressive damage across grout layer; XP-0.7-41-34-C at Pmax 
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(d) σn across grout thickness at 2.0 d0 















5.3.4 Comments on Numerical and Experimental plots 
From Figure 5-11, there are some differences between the numerical and experimental 
load-deformation plots. Most of the differences occur after the initial linear portion of 
the plots. Among the DSG X-joints under brace axial tension, the numerical plot of 
XP-0.7-26-39-T shows the biggest difference.  
For the DSG X-joints under brace axial compression, XP-0.7-57-65-C displays the 
most difference, with both the numerical and experimental plots differing even at the 
initial linear portions. Since the material parameters and friction co-efficients being 
studied could not account for the difference, sensitivity studies in current chapter 
would not involve XP-0.7-57-65-C. 
In the subsequent sections, numerical sensitivity studies on the relevant parameters of 
the materials and contact conditions are done to account for these differences, and to 
finalize the parameters for the parametric studies in the later Chapters. 
 
5.4 EFFECTS OF BRACE MISALIGNMENT 
In order to assess the effect of the joint imperfections on the load-ovalization plots, the 
numerical models modeling half the joint (see Figure 5-2) are built for the test 
specimens from Series 2. The respective out-of-plane imperfections (Table 3-6) are 
incorporated into the half models.  
For the DSG X-joints under brace axial tension, no load eccentricity is modeled and 
the resulting out-of-plane chord displacements (∆h) are a result of the out-of-plane 
brace misalignments; see Figure 5-14 (a). For the DSG X-joints under brace axial 
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compression, the directions of the out-of-plane brace moments are always opposite to 
the initial out-of-plane brace rotation; see section 4.3. Hence, the applied load in each 
numerical model is given an equivalent out-of-plane eccentricity; which can be 
esitimated by the corresponding brace moment and axial load. Table 5-2 lists the 
corresponding load eccentricities for the DSG X-joints under brace axial compression. 
By applying the equivalent out-of-plane eccentricity, the direction of out-of-plane 
chord displacements of the numerical models are in agreement with the test results; see 
Figure 5-14 (b). 














Out-of-plane chord movement (∆h/d0)
XP-0.7-57-25-T
XP-0.7-57-65-T
XP-0.7-26-39-T              FE
XP-0.4-57-33-T
(a) Brace axial tension 














Out-of-plane chord movement (∆h/d0)
XP-0.7-57-33-C
XP-0.7-57-65-C
XP-0.7-26-39-C              FE
XP-0.4-41-34-C
(b) Brace axial compression 
Figure 5-14: Out-of-plane horizontal chord displacement (Load vs ∆h); DSG X-joint 
under brace axial (a) tension and (b) compression 
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Table 5-2: Estimated out-of-plane load eccentricities; brace axial compression 






By comparing the load-ovalization plots from the one-eighth and half models, the 
brace misalignments do not have any significant effects on the ovalization 
characteristics of the DSG X-joints under brace axial tension; see Figure 5-15 (a). For 
the DSG X-joints under brace axial compression with the exception of XP-0.7-26-39-C, 
the secondary out-of-plane effects affect the load-ovalization plot after the peak load, 
Pmax; Figure 5-15 (b). For XP-0.7-26-39-C, the numerical results show no differences 
between the one-eighth and half model after the peak load, Pmax. 
















 1/8th model  1/2 model
(a) Brace axial tension 
















 1/8th model  1/2 model
(b) Brace axial compression 
Figure 5-15: Load versus ovalization plots for one-eighth and half model; DSG X-joint 
under brace axial (a) tension and (b) compression 
The effect of brace misalignment is also insignificant in the horizontal-vertical 
ovalization plots; see Figure 5-16 (a) and (b). For the DSG X-joint under brace axial 
tension, the ovalization is plot up to the load at crack initiation, Pcrack. For the DSG X-
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joint under brace axial compression, the ovalization is plot up to the peak load, Pmax.  


























 1/8th model  1/2 model
(a) Brace axial tension 


























 1/8th model  1/2 model
(b) Brace axial compression 
Figure 5-16: Vertical versus horizontal ovalization plots for one-eighth and half model; 
DSG X-joint under brace axial (a) tension and (b) compression 
Hence, the one-eighth models are suitable for the sensitivity studies for the friction co-
efficients and material parameters. 
 
5.5 EFFECTS OF FRICTION COEFFICIENT 
Although the product data of Ducorit® D4 specifies a friction coefficient (µ) of 0.6 for 
the grout-steel interface, variation can occur depending on factors such as state of rust 
on the steel surface, or possible grout shrinkage away from the steel surface. The Joint 
Industry Project by DNV (2007 & 2010) has reported considerable scatter in 
laboratory friction tests with a mean of µ=0.7. The current sensivity studies center 
about µ=0.6 with µ=0.3 & 0.9. Both joint stiffness and strength are significantly 
affected by the friction coefficient; see Figure 5-17 (a) and (b). The joint stiffnesses are 
most affected after the initial linear portion. 
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Chord Ovalization, 2δM (mm)
XP-0.7-26-39-T   
 µ=0.6
 µ=0.3    µ=0.9

























Chord Ovalization, 2δM (mm)
XP-0.7-26-39-C   
 µ=0.6
 µ=0.3    µ=0.9
 Test
(b) XP-0.7-26-39-C 
Figure 5-17: Load-ovalization for different friction coefficient 
Figure 5-18 summarizes the overall results of the sensitivity study of friction co-
efficient on joint stiffness and strength. For the DSG X-joint under brace axial tension, 
the reference load in the numerical results is taken at the same chord ovalization at 
crack initiation in the corresponding test specimen; see Figure 5-17 (a). For the brace 
axial compression, the peak load in the numerical results is taken as the reference load; 











































Figure 5-18: Summary of effect of friction coefficient; brace axial tension (circle data 
points) and compression (square data points) 
Unlike the FG and AS X-joints, the DSG X-joints are sensitive to the contact 
conditions at the steel-grout interface. The differences in the resulting 
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strength can be about ±10% about the µ=0.6 results for the most sensitive cases and 
much of the differences between the numerical and experimental results can be 
covered by variations in the friction co-efficient. This implies that any possible scatter 
in the actual friction coefficient maybe significant to joint strength. Since friction 
coefficient of µ=0.6 gives an overall better prediction than µ=0.3 & 0.9, all subsequent 
numerical analyses will use µ=0.6. 
 
5.6 MATERIAL SENSIVITY STUDIES 
Numerical finite element analyses have been known to produce the load-deformation 
plots of FG and AS joints reliably. Since plastic deformations of the AS and FG joints 
are dependent on the plastic strain-hardening characteristics of the steel, sensitivity 
study of strain-hardening is done. 
Unlike the FG and AS joints, the stiffness and strength of the DSG joints are also 
affected by the grout in the annulus. In contrast to the steel sections with more 
consistent properties, grout properties are affected by grouting conditions (time 
duration of mixing, compaction during casting and proportion of water content in mix 
etc) and testing conditions (load eccentricity in cylinder strength tests). Although these 
conditions are maintained as much as possible to be consistent for all the batches, 
unintended variations cannot be avoided altogether; and may have caused the 
variations in the grout properties. 
The grout strengths (Table 3-10 & Table 3-11 in Chapter 3) show significant variations 
(>10%); with =CF  160~200MPa and =tF 10~20MPa), while the elastic stiffnesses 
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and Poisson’ Ratios are more consistent. This is expected as the strengths are usually 
more sensitive to casting and testing conditions than the elastic properties; Mindness et 
al (2003). Hence, sensitivity study is done on the grout strength. 
In addition, the important material parameters in the CDP model are examined. This is 
part of the continuing effect by Nautic Offshore to use the CDP for material 
characterization of the Ducorit® D4. The main material parameters are: strain-
softening characteristics, damage parameters (compressive and tensile), and the 
parameters controlling the shape of the yield surface and flow potential of the CDP 
model. 
5.6.1 Steel Hardening 
For the purpose of illustrating the importance of steel strain-hardening to joint stiffness, 
two stress-strain curves are input into the finite element models; see Figure 5-19. The 
first stress-strain curve is the exponential fit from the original coupon tensile tests, and 
the second curve is that of a hypothetical elastic-perfect plastic stress-strain curve with 
no strain-hardening. 
























Figure 5-19: Stress-plastic strain to be inputted; (i) strain-hardening curve fitted from 
coupon tests, and (ii) perfect plastic curve 
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The numerical models for XP-0.7-26-39-T and XP-0.7-26-39-C with their 
corresponding FG and AS X-joints are run with the elastic-perfect plastic stress-strain 
curve; see Figure 5-20 and Figure 5-21. The sensitivity of the joint behavior to the 
steel strain-hardening properties is dependent on whether the X-joint is under brace 
axial tension or compression; and whether grouted or not. 
Under brace axial tension, all 3 X-joint types (AS, FG & DSG) show considerable 
sensitivity to the steel hardening properties, with the FG joint most affected and the AS 
joint least affected. For the brace axial compression cases, the joint behavior is not 
significantly affected. This is due to the kind of action effects on the chord wall that 
produces the plastic deformation. There are both bending and membrane forces in the 
chord wall when under brace axial tension. The proportion of bending over membrane 
increases in the AS joints.  Under brace axial compression, bending effects dominate in 
the chord wall. One of the possible consequences of this effect is that any high residual 
stress due to the welding process at the brace-chord intersection that can change the 
amounts of strain-hardening around the brace-chord intersection, can also affect the 
subsequent joint behavior under brace axial tension.  
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Chord Ovalization, 2δM (mm)
XP-0.7-26-39-T
 strain-hardening
 perfect plastic       Test
 
(a) XP-0.7-26-39-T 


















 perfect plastic       Test
 
(b) XP-0.7-26-39-C 
Figure 5-20: Load-ovalization for DSG X-joints for strain-hardening curve fitted from 
coupon tests (solid line), and perfect plastic curve (dashed line) 













Chord Ovalization, 2δM (mm)
XG-0.7-26-T
 strain-hardening


















AW under tension and compression
 strain-hardening
 perfect plastic     X-0.7-26-T
compression
 
(b) X-0.7-26-T; and corresponding 
behavior under brace axial compression 
Figure 5-21: Load-ovalization for corresponding FG and AS X-joints for strain-
hardening curve fitted from coupon tests (solid line), and perfect plastic curve (dashed 
line) 
For consistency, all X-joints (FG, DSG and AS) are modeled accordingly with their 
corresponding coupon properties (see Table 3-7 & Table 3-8), taking into account 
the strain hardening properties of the coupons. 
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5.6.2 Grout Strength (Compression and Tension) 
Sensitivity is done on the following tensile and compressive grout strengths; see Table 
5-3 and Table 5-4. In Table 5-3, two tensile strengths are examined; and in Table 5-4 
three compressive strengths are examined. For purpose of illustration, the load-
ovalizations of the DSG X-joints most affected are shown: XP-0.7-26-39-T and XP-
0.7-26-39-T for brace axial tension and compression respectively. 
Table 5-3: tensile strengths for sensitivity studies 
Tensile strength (MPa) : 10 20 
Compressive strength and Young’s Modulus from Table 3-10 & Table 3-11 
Table 5-4: compressive strengths for sensitivity studies 
Compressive strength (MPa) : 160 original 200 
Young’s Modulus from Table 3-10 & Table 3-11 & tensile strength: 10MPa 
 
The DSG X-joint stiffness and strength are sensitive to the variation in compressive 
strength CF , but not to the tensile strength tF ; see Figure 5-22 & Figure 5-23. This is 
expected as the grout in the double-skin configuration is effective for its compressive 
properties; any tensile stresses/forces within the double-skin configuration are taken 
more effectively by the steel portions. Since the tensile strength is not significant, all 
subsequent numerical analyses will use MPa10Ft = . 
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Figure 5-22: Load-ovalization for different grout tensile strengths 
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Figure 5-23: Load-ovalization for different grout compressive strength 
For the compressive strength, Figure 5-24 and Figure 5-25 summarize the overall 
results of the sensitivity study on joint stiffness and strength. Although the 
compressive strength have some effects, the resulting variations in joint stiffness and 
strength are insignificant (<5%). All subsequent numerical analyses would use the 
compressive strengths from the corresponding cylinder strength tests; Table 3-10 
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Figure 5-25: Effect of CF ; brace axial compression 
5.6.3 Strain-softening & Damage for Grout 
Both the strain-softening and damage parameters have to be assumed since the current 
test equipment and test frame do not have the required stiffness to load the specimens 
beyond the compressive strength. 
EN1992-1-2 presents a set of strain-softening curves that are dependent on the ambient 
temperature. The curve in Figure 5-26 (a) is for strain-softening in room temperature 
conditions. However, it must be noted that the strain-softening is a size dependent 
phenomenon (Bazant, 1976), and tests, notably by Gopalaratnam et al (1985) and van 
Mier (1986), have shown that the strain-softening portion is a function of the specimen 




(a) EN1992-1-2  (b) van Mier (1986) 
Figure 5-26: Stress-strain curves from EN1992-1-2 and van Mier (1986) 
Hillerborg (1989) suggests that strain-softening depends on the dimension of the 
structure which is used to transform overall displacement to strain; in the case of a 
cylinder under uniaxial compression, it is the length of the cylinder; and for a concrete 
beam under bending, it is the beam depth. In the double-skin configuration, this 
dimension is most likely the grout thickness. 
For the uniaxial compression stress-strain curves, exponential decaying functions 
(details found in Appendix) are used to model the strain-hardening and strain-softening 
portions. The linear elastic portion of the stress-strain curve was observed to reach 
90% of the compressive strength cF . Two strain softening portions are studied in the 
sensitivity studies; see Figure 5-27 (a). Softening B represents the strain-softening 
portion that is recommended by EN1992-1-2, and is close to the strain-softening curve 
in van Mier’s test for specimen length of 50mm. Following the trend as observed in 
van Mier’s results, a gentler Softening A is also studied for grout thickness: 15~30mm. 
The EN1992-1-2 softening curve corresponding to a normal strength concrete is also 
included for comparison. 
In uniaxial tension, the linear elastic portion is assumed to extend up to the tensile 
strength, and no strain hardening before the tensile strength. Two strain-softening 
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curves are examined; bilinear and linear softening; see Figure 5-27 (b). According to 
Xiao et al (2004), the use of the bilinear model after failure is sufficient for the purpose 
of numerical modeling of concrete without large aggregates; maximum aggregate size 














D4 with softening A
D4 with softening B
Normal Strength Concrete
 
















(b) Uniaxial tension 
Figure 5-27: Uniaxial stress versus inelastic strain for D4 
Several forms for the damage equation (5-7) have been recommended. Polling (2000) 
define damage by assuming linear relationship between pliε  and iniε , with the constant 




i b ε⋅=ε          (5-8) 
Onate et al (1988) assume damage variables to be directly related to the stresses in the 
strain-softening portion. Lubliner et al (1989) and Lee et al (1998) assume an 
exponential form. Table 5-5 summarizes the different equations to define damage id  
which are plotted in Figure 5-28. 
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Table 5-5: Equations for damage parameters 
Damage: ( )iniii dd ε=  Research 












1dd σ−=σ=  Onate et al (1998) Damage Eq 2 
( ) ( )iniiiniii aexp1dd ε−−=ε=  
Lubliner et al (1989) 
Lee et al (1998) 
Teng (2009) 
Damage Eq 3 
 
Damage Eq 1 can be derived using equation (5-8) together with (5-4) and (5-5). 
Kratzig et al (1998 & 2004) used b mostly ranging from 0.7~0.9 for their concrete 
damaged plasticity model, though there is an instance of 5.0b = . Damage Eq 2 is 
recommended by the Nautic Group because of its simplicity. Damage Eq 3 has been 
used by Teng (2009) for lightweight concrete but, unfortunately, the constants in the 
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(d) dC Eq 3 for softening A 
Figure 5-28: Damage curves for Damage Eq 1, 2 & 3 and different softening curves 
In an uniaxial compressive test, reduction of elastic stiffness can be observed when 
unloading is done in the strain-softening portion, and this directly affects the 
accumulation of plastic strain within the grout; see equation (5-1).  
In the case of a general triaxial stress state where confinement is present during 
loading, the accumulation of plastic strain may have significant effect to the behavior 
of grout. For the double-skin configuration, the chord and pile provide the confinement. 
Since it is the plastic strain component of the total strain that undergoes dilation during 
compression; material damage, by reducing plastic strain accumulation, reduces the 
beneficial effect of confinement to the grout. 
Using the damage parameters in Table 5-5, the plastic strains during uniaxial 
compression loading are calculated from the different strain-softening curves. 
Comparing with the corresponding inelastic strains, the plastic strain accumulation for 
different damage equations and strain-softening can be examined; see Figure 5-29. The 
linear assumption between pliε  and iniε  by Polling (2000) is evident for different forms 
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(d) dC Eq 3 for softening A 
Figure 5-29: Plastic strain versus inelastic strain for Damage Eq 1, 2 & 3 with different 
softening curves 
Assuming the linear relationship is valid, Damage Eq 1 alone is sufficient; provided b 
can be found. Using Damage Eq 2 for all the softening curves would produce b  about 
0.9. Since the constant in Damage Eq 3 has little effect in changing the amount of 
plastic strain, only Damage Eq1 and 2 are examined in the sensitivity studies. The 
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following combination of softening curves and damage equation are performed for the 
sensitivity studies; see Table 5-6 and Table 5-7. The yield surface and flow potential 
parameters are: 16.1cybcy =σσ , 67.0qq CMTM = , °=ψ 53 , and 1.0=ς . For purpose 
of illustration, the load-ovalization plots of the DSG X-joints most affected are shown: 
XP-0.7-26-39-T and XP-0.7-26-39-T for brace axial tension and compression 
respectively. 
Table 5-6: tensile strain-softening and damage for sensitivity studies 
Tensile 
softening Bilinear Linear 
td  Eq 2 no td  Eq 2 
Compressive softening: A with Damage Eq 1 (b=0.8) 
Table 5-7: compressive strain-softening and damage for sensitivity studies 
Compressive 









b=0.8 Eq 2 
Tensile softening: bilinear with Damage Eq 2 
Like the tensile strength of the grout, the joint stiffness and strength are not 
significantly affected by the choice of tensile softening curves, and tensile damage; see 
Figure 5-30. This supports the idea that the grout in the double-skin configuration is 
effective for its compressive properties. Since the tensile strength and tensile strain-
softening is insignificant, no tensile damage would be used for all subsequent analyses. 
Moreover, the tensile damage very often causes numerical convergence problems in 
the analyses. Bilinear softening is used for all subsequent analyses. 
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Chord Ovalization, 2δM (mm)
XP-0.7-26-39-T   
 Bilinear; no tensile damage 
 Bilinear; tensile damage















Chord Ovalization, 2δM (mm)
XP-0.7-26-39-C   
 Bilinear; no tensile damage 
 Bilinear; tensile damage




Figure 5-30: Load-ovalization for different tensile strain-softening and damage 
The choices of compressive softening and damage equations have some effect on both 
joint strength and stiffness; see Figure 5-31. The effect of these grout parameters does 
not affect the initial joint stiffness when most of the materials are still in the linear 
elastic range. Both concrete strain-softening and compressive damage affect the DSG 
X-joint under brace axial compression more than brace axial tension. While all DSG 
X-joint under brace axial compression are affected, the numerical results of XP-0.7-57-
25-T, XP-0.7-57-33-T, XP-0.4-57-33-T-A and XP-0.4-57-33-T-B are not affected by 
the strain-softening and damage. 
Among the DSG X-joints under brace axial compression, the numerical results of XP-
0.7-26-39-C are affected most by compressive strain-softening and damage. 
Combination [Softening A + Damage Eq 1 with 8.0b = ] gives the load-ovalization 
plots that best fit the experimental plots in terms of peak load and overall shape 
especially the descending portions after the peak; see Figure 5-31 (b). 
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Figure 5-31: Load-chord ovalization for different compressive strain-softening and 
damage 
Figure 5-32 and Figure 5-33 summarize the results for all the combinations of strain-
softening and damage equations. Figure 5-33 shows that softening B gives 
significantly lower predictions for the brace axial compression cases. Combinations 
involving Damage Eq 1 5.0b =  also give significantly lower predictions. Both 
combinations [Softening A + Damage Eq 1 with 8.0b = ] and [Softening A + Damage 
Eq 2] give close predictions in terms of strength. In comparison with the brace axial 
compression cases, DSG joints under brace axial tension display less effect by 












































































































































































Figure 5-33: Effect of compressive strain-softening and damage; brace axial 
compression 
Figure 5-34 shows the overall comparison for combinations [Softening A + Damage 
Eq 1 with 8.0b = ] and [Softening A + Damage Eq 2]. Although both combinations 
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show good match with the test results, [Softening A + Damage Eq 1 with b=0.8] is 
chosen because the joint strengths from the numerical results are in slightly closer 

































Figure 5-34: Summary of effect of compressive strain-softening and damage; brace 
axial compression and tension 
 
5.6.4 Parameters for Yield Surface and Flow Potential 
Yield Surface 
The parameters ( cbc σσ & CMTM qq  and ψ ) recommended by Nautic Offshore for 
controlling the shape of the yield surface and flow potential are summarized in Table 
5-8. 
Table 5-8: Yield surface and flow potential parameters recommended by Nautic Group 
cbc σσ  CMTM qq  ψ  ς  
1.16 0.8 52.8° 1.0 
 
The biaxial tests conducted by Kupfer et al (1969) on square concrete plates found that 
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cbc σσ  range from 1.16 ( MPa60fc = ) to 1.2 ( MPa20fc = ), and was found to be 
insensitive to the water-cement ratio or cement content. The default value of 
16.1cbc =σσ  can be considered to be reasonable, and has been supported by other 
experiments; Lee et al (2004). 
The assumption of linear relationship of deviator stress magnitude with hydrostatic 
stress on both compressive and tensile meridian plane is a simplification of the actual 
concrete yield surface. It is well known that the ratio CMTM qq changes from 0.5 at low 
hydrostatic stress condition to 1.0 asymptotically at high hydrostatic stress condition. 
Based on a broad survey of concrete triaxial test data and postulated yield surfaces, 
Seow (2005) found that quadratic functions can be used to describe accurately the 
relationship between the magnitudes of the deviator and hydrostatic stresses on both 
the compressive and tensile meridian planes. Figure 5-35 (b), (c) & (d) show the yield 
surface of CDP on both compressive and tensile meridian planes when different 
CMTM qq ratios are inputted, and the differences between the yield surfaces of CDP and 
Seow (2005) are clearly shown. 
Low values of CMTM qq (=0.6 or 0.67) in CDP produce yield surfaces that match 
closely to the actual yield surface (represented by Seow’s quadratic functions) at low 
hydrostatic stress conditions ( 2FCh −≥σ ); see Figure 5-35 (b) & (c). The default 
value in ABAQUS is 0.67. At 8.0qq CMTM =  (recommended value by Nautic 
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(b) yield surfaces on the meridians;  
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(c) yield surfaces on the meridians;  







-5 -4 -3 -2 -1 0




qcm (CDP) qtm (CDP)
qcm (Seow) qtm (Seow)
 
(d) yield surfaces on the meridians;  
8.0qq CMTM =  
Figure 5-35: (a) CDP yield surface on the deviator plane; (b), (c) & (d) Yield surfaces 
of CDP and Seow (2005) on the meridian plane for different CMTM qq  
Effect of CMTM qq  on the CDP yield surface is analogous to the effect of friction angle 
on the Mohr-Coulomb type materials; friction angles of 49°, 36° and 20° in a Mohr-
Coulomb material would give corresponding constant CMTM qq  of 0.6, 0.67 and 0.8. 






















linearly with the confinement. Nielsen (1998) extended this model to HS concrete 
( MPa165FC = ), and suggested a bilinear relationship that fits with his experimental 
data; the 2 portions correspond to friction angles of 51° and 30°. Numerical results of 
triaxial loading using the CDP model show that there are significant over-predictions 
and under-predictions of confined axial strength for CMTM qq of 0.6 and 0.8 
respectively; see Figure 5-36. CMTM qq of 0.67 in the CDP model would give 
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(b) ( )2J2q ⋅=  vs hydrostatic stress 
Figure 5-36: Comparison of Nielsen (1998) equation and numerical results using CDP 
model for different CMTM qq ; triaxial tests ( 321 σ=σ≤σ ) 
Flow Potential 
Concrete plasticity models have used either the Drucker-Prager (Han et al, 1985; 
Karabinis et al, 1994 & 1996; Lee et al, 1998; Kratzig et al, 2004) or Mohr-Coulomb 
(Lubliner et al, 1989) type flow potentials. To be consistent with the ABAQUS 














+⋅=         (5-9) 
The first term directly affects the plastic deviator strains during plastic loading, and 
both flow potential types differ here. The second term affects the volumetric plastic 
strain during plastic loading, and the incremental plastic volumetric strain is 











         (5-10) 
The plastic dilation factor controls the proportion of plastic volumetric strain under 
compression after yielding. Past researches had reported various plastic dilation factors 
that have no clear trend with strength; see Figure 5-37. Lubliner et al (1989), Lee et al 
(1998) and Kratzig (2004) used different values for MPa30FC ≈  in their concrete 
damaged plasticity models. Karabinis et al (1994 & 1996) used rather consistent 
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(b) ψ  vs uniaxial strength 
Figure 5-37: Plastic dilation factor pα and dilation angle ψ  used in past researches 
Currently, little is reported in literature for dilation factor (or angle) for UHS materials.  
Shen (2010) used °=ψ 45  for simulations of grouted column and stress analysis in 
grouted joints using the ABAQUS CDP model; Ducorit® D4 was used in all his test 
specimens. Nautic Offshore recommends °=ψ 8.52 , and has gain good agreement with 
field results in their Ducorit® D4 simulations. 
The following combinations of yield surface and flow potential parameters are 
performed for the sensitivity studies; see Table 5-9. Compressive softening A with 
Damage Eq 1 ( 8.0b = ) and tensile bilinear softening without damage is used. For 
purpose of illustration, the load-ovalizations of the DSG X-joints most affected are 
shown: XP-0.7-26-39-T and XP-0.7-26-39-C for brace axial tension and compression 
respectively. 
Table 5-9: Yield surface and flow potential for sensitivity studies 
 
6.0qq CMTM =  67.0  8.0  
°=ψ 53  × × × 




The yield surface and flow potential parameters have effect on both joint strength and 
stiffness; see Figure 5-38. The effect of these grout parameters does not affect the 
initial joint stiffness when most of the materials are still in the linear elastic range. 
Both parameters affect the DSG X-joint under brace axial compression more than 
brace axial tension; all the DSG X-joint under brace axial compression are affected. 
For the DSG X-joints under brace axial tension, the numerical results of XP-0.7-57-25-
T, XP-0.7-57-33-T, XP-0.4-57-33-T-A and XP-0.4-57-33-T-B are not affected. 
Among the DSG X-joints under brace axial compression, the numerical results of XP-
0.7-26-39-C are affected most by the parameters. 67.0qq CMTM =  and °=ψ 53  give 
the load-ovalization curve that best fit the experimental curve in terms of peak load 
and overall shape especially the descending portions after the peak; see Figure 5-38 (b). 
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Figure 5-38: Effect of CMTM qq and ψ  
Figure 5-39 and Figure 5-40 summarize the results for all the combinations of 
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CMTM qq & ψ . Figure 5-40 shows that the DSG X-joints under brace axial 
compression are sensitive to the dilation angle, and °=ψ 45  gives significantly lower 
predictions. The combinations of 67.0qq CMTM = & °=ψ 53  and 
6.0qq CMTM = & °=ψ 53 give close predictions for the brace axial compression cases. 
The 8.0qq CMTM =  cases give significantly lower predictions. In comparison with the 
brace axial compression cases, DSG joints under brace axial tension display less effect 












































































































































































Figure 5-40: Effect of CMTM qq and ψ ; brace axial compression 
Figure 5-41 shows the overall comparison for 67.0qq CMTM = & °=ψ 53  and 
6.0qq CMTM = & °=ψ 53 . Although both combinations show good match with the test 





































5.7 EFFECTS OF WELD DEPOSIT IN ANNULUS 
The sensitivity studies on the material properties and friction co-effiicient could not 
account for the difference between the numerical and experimental load-deformation 
plots of XP-0.7-57-65-C. A possible reason of the additional joint strength and 
stiffness in XP-0.7-57-65-C could be the weld deposit within the tubular section that  
aiding the composite action (working like a shear stud) in the double-skin; see Figure 
5-42 (a). The locations of the weld deposits for the DSG X-joints (only Series 2) can 
be identified from the ends of the chord. The positions are listed in Figure 5-43. 
 
(a) weld deposit inside tubular section  (b) numerical modeling of weld deposit 
inside chord 
Figure 5-42: (a) Actual weld deposit in the spare section, and (b) numerical modeling 

















Figure 5-43: Locations of weld deposit in the chord of the DSG X-joints (Series 2) 
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Of the 4 positions, the weld deposit between the saddle and meridian position (Figure 
5-43 (b)) will have the most influence to joint behavior because most of the sliding of 
the double-skin components at the interface occurs here. Any weld deposit within the 
brace footprint (Figure 5-43 (c) & (d)) are probably insignificant because most of the 
forces across the interfaces are mainly perpendicular to the layers. Weld deposit at the 
meridian is also insignificant (Figure 5-43 (a)). No significant shear action is expected 
at the line of symmetry (top and bottom). Hence, only the weld deposit is modeled for 
XP-0.7-57-65-C and XP-0.7-57-33-C (roughly 50° from the vertical, and on average, 
4mm in both height and width). Three types of models were done: one-eighth model, 
half model with 1 weld deposit and with 2 weld deposits (on opposite sides of tubular 
section).  
The results of the one-eighth models show that the weld deposit can serve effectively 
as a shear stud in the double-skin; see Figure 5-44. In actual tubular sections, usually 
only 1 or 2 are present depending on the fabrication process of the tubular section. 
Numerical results show that with only 1 or 2 weld deposits, the same degree of 
composite action cannot be achieved. Despite this, it can be show that the presence of 
some form of shear stud is highly effective in improving the joint strength and stiffness. 
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1/8th model:   no weld deposit  
                       weld deposits   
1/2 model:   1 weld deposit



















1/8th model:   no weld deposit  
                       weld deposits   
1/2 model:   1 weld deposit




Figure 5-44: Effects of weld deposits in annulus 
Since, the presence of this shear stud effect of the weld deposit cannot be assumed to 
be always present, it is more appropriate to perform the numerical parametric studies 




The numerical FE analyses of the DSG X-joints under brace axial loading have been 
done by the ABAQUS STANDARD. The numerical FE analyses are essentially static 
analyses without incorporating any dynamic effects. The classical von-Mises yield 
criterion plasticity and the Concrete Damaged Plasticity are used to model the steel and 
grout in the DSG X-joints respectively. Coulomb Friction is used to model the steel-
grout interfacial conditions in the double-skin. 
The eight-noded solid element with incompatible mode (C3D8I) is found to be suitable 
for the current purpose. A mesh density, with smallest element size of 0.05d0 and 2 
layers and 4 layers for the steel and grout walls, is sufficient for solution convergence. 
Half models found that the out-of-plane loading and boundary effects are insignificant 
to the joint stiffness and strength. Hence, one-eighth models are sufficient for all 
purpose of modeling and analyses. 
Sensitivity studies are done on the frictional and material properties. For the friction 
coefficient at the steel-grout interface, the product specifications of the D4 grout 
recommended a friction coefficient of µ=0.6. Although this is consistent with typical 
values in literature, the friction coefficient is known to be sensitive to factors like state 
of rust at the steel surfaces and grout shrinkage away from the steel. A sensitivity 
studies show that joint stiffness and strength can vary around ±10% if the friction 
coefficient varies between µ=0.3~0.9. However, since no actual experimental study 
have been conducted to access such effects, all subsequent numerical analyses use 
µ=0.6. 
The strain-hardening characteristics of the steel are shown to be sensitive to the joint 
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stiffness and strength of the X-joints under brace axial tension. For the X-joints under 
brace axial compression, the strain-hardening characteristics have insignificant effect. 
For all subsequent analyses, the actual stress-strain characteristics from the unaxial 
tensile coupon tests are input. 
For the grout properties, sensitivity studies are done on the grout strengths 
(compressive and tensile strengths), strain-softening characteristics, damage 
parameters, and the parameters controlling the yield surface and flow potential of the 
Concrete Damaged Plasticity model. The sensitivity of any particular DSG X-joint to 
the grout properties is dependent on the grout thickness and loading type: thicker grout 
and DSG X-joints under brace axial compressive are more sensitive. 
Tensile strength and tensile damage are shown to have insignificant effects on the joint 
stiffness and strength of the DSG X-joints. Actual compressive cylinder tests on the 
corresponding D4 materials show that the strengths varied between 160~200MPa. 
Sensitivity studies on the numerical models show that there is ±2~3% in joint stiffness 
and strength of the DSG X-joints due to this variation of grout compressive strength. 
Due to the high stiffness and strength of the D4 grout, it is not possible to obtain the 
strain-softening portions of the stress-strain plots and compressive damage with the 
current testing facilities. Hence, the strain-softening and compressive damage have to 
be assumed. Two strain-softening curves were compared: one based on the EN 1992-1-
2 curve which softens to zero stress at strain of 0.02 and one that softens to zero at 
strain of 0.04. Compressive damage is based on a linear proportionality relationship 
between the uniaxial plastic strain and the inelastic strain. Sensitivity studies on the 
two softening curves and compressive damage with plastic strain to inelastic strain 
Chapter 5 
 175 
ratio of 0.5, 0.8 and 0.9 show a variation of ±2~3% in joint stiffness and strength of the 
DSG X-joints. The second strain-softening curve and compressive damage based on a 
proportanality of 0.8 are found to be suitable for the current purpose. 
As the Concrete Damaged Plasticity model is a non-associated plasticity model, two 
sets of parameters control the yield surface and flow potential. The ratio of tensile and 
compressive meridian ( CMTM qq ) and dilation angle ( ψ ) are the two parameters that 
have significant effects on the joint stiffness and strength of DSG X-joints. Both the 
tensile and compressive meridians are linear functions along the hydrostatic stress axis. 
This is a simplification of the actual concrete yield surface where the tensile and 
compressive meridians are closer to quadratic functions along the hydrostatic stress 
axis. A big CMTM qq  ratio produces a smaller yield surface while small CMTM qq  ratio 
produces a bigger one. The dilation angle ( ψ ) affects the angle of the flow potential 
with respect to the hydrostatic axis, and this directly affects the accumulation of the 
volumetric component of the plastic strain. This is important to the grout behavior 
when there is confinement. Sensitivity study found 67.0qq CMTM =  and °=ψ 53  to be 
suitable for the current purpose. 
Based on the choosen set of material parameters, the numerical results of the DSG X-
joints for brace axial tension and compression are summarized in the following 
subsections. It must be noted that no steel fracture has been modeled in the current 
chapter, and the numerical models can be loaded to unrealistically large amounts of 




5.8.1 Numerical Results (Brace Axial Tension) 

































































































































Figure 5-45: Load versus vertical ovalization; DSG X-joint under brace axial tension 
Chapter 5 
 177 



















































































































Figure 5-46: Corresponding horizontal versus vertical ovalization (plotted up to Pcrack); 




5.8.2 Numerical Results (Brace Axial Compression) 



























































































































































































Figure 5-48: Corresponding horizontal versus vertical ovalization (plotted up to Pmax); 




6 NEW FORMULATIONS FOR DSG X-JOINT 
UNDER BRACE COMPRESSION 
6.1 INTRODUCTION 
Certain key features of the ovalization characteristics of the DSG X-joint under brace 
axial compression have been observed from the test specimens. Unlike the DSG X-
joints under tensions, no corresponding AS joint was tested. Numerical finite element 
models for the corresponding AS X-joints are analyzed for comparisons with those of 
the DSG models. No numerical models for the corresponding FG X-jionts are made 
because joint failure is not an issue for the single FG X-joint tested under compression. 
The numerical models extrapolate the observed trends in the ovalization characteristics 
from the experimental results: ovalizations (horizontal versus vertical) of the DSG X-
joints with same β ratios are independent of the stiffness of the chord, pile and grout, 
and are the same with the corresponding AS joints of the same β and 2γ. The chord and 
pile plastifications also show similar trends with the corresponding AS joints. An 
additional finding from the numerical models is that grout failure limits both DSG X-
joint ductility and strength. 
Test results shown that the current joint formulation (ISO-Teq) for the DSG X-joint 
under brace compression consistently under-predicts the joint strength. By including 
the contribution of grout in bending resistance of the double-skin and based on the 
observed joint behavior and failure modes, two analytical formulations (modified from 
Ring Model and Equivalent Thickness method) are developed for strength predictions. 
The new formulations are verified by both numerical parametric results and test results 
across all the important geometric parameters. 
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6.2 JOINT BEHAVIOR (NUMERICAL MODELS) 
6.2.1 Ovalization 
For the DSG X-joints under brace axial compression, the ovalization characteristics are 
not significantly affected by pile stiffness; see XP-0.7-57-33-C and XP-0.7-57-65-C in 
Figure 4-30. The ovalization characteristics of the test specimens only show 
dependency on β-ratio. Numerical results for the DSG X-joints under brace axial 
compression show that the ovalization characteristics are similar to the corresponding 
AS joints; see Figure 6-1.  
Hence, unlike the brace axial tension cases, the DSG X-joints show similar ovalization 
with their corresponding AS X-joints regardless of the stiffness of the individual 
components in the double-skin configuration. For brace axial tension cases, the 
ovalization characteristics approach to that of the corresponding AS X-joints when pile 
stiffness is decreased. 
Since the horizontal and vertical ovalizations in Figure 6-1 are plotted up to the 
corresponding Pmax for each joint, the DSG X-joints exhibit less ductility than their AS 
counterparts. When under brace axial compression, the bending capacity and ductility 
of the double-skin are limited by the more brittle grout. 
Figure 6-2 shows the cross-sectional cuts of the numerical models at Pmax. Although 
the DSG X-joints display less ductility than their AS counterparts, the same 
deformation pattern at Pmax is clearly shown in Figure 6-2. A close examination of the 
numerical models shows that the 3 individual layers deformed in a compatible manner 
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(e) XP-0.4-41-34-C 
Figure 6-1: Horizontal versus vertical chord ovalization; numerical results for DSG X-














Corresponding AS X-joint of 
XP-0.7-57-33-C & XP-0.7-57-65-C 
  
(c) XP-0.7-26-39-C (left) and corresponding AS X-joint (right) 
  
(d) XP-0.7-41-34-C (left) and corresponding AS X-joint (right) 
  
(e) XP-0.4-41-34-C (left) and corresponding AS X-joint (right) 
Figure 6-2: Cross-sectional views of deformed DSG X-joints at Pmax; numerical results 
for DSG X-joint under brace axial compression 
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6.2.2 Chord and Pile Plastification 
Both Figure 6-3 and Figure 6-4 show the plastification of the DSG X-joints and 
corresponding AS joint at Pmax. Figure 6-3 shows the chord plastification of the AS X-
joint along the meridian positions of the chord. This is consistent with the assumption 
of plastic hinges along the meridians in the Ring Model formulation; a six-hinge 
plastic collapse mechanism with 4 hinges at the saddles and 2 at the meridian positions 
for an effect length ( 00eff d0.3~d5.2B =  ) of the chord under brace axial loading. The 
DSG X-joints under brace axial compression show similar plastifications along the 
meridians. However, since the DSG X-joints display less ductility, the length of chord 
and pile under plastification is shorter: effB  (DSG) ≤  effB  (AS). 
Figure 6-4 shows the chord plastifications around the brace footprint for both DSG and 
AS X-joints. Rather than having the plastic hinges at the saddle positions assumed by 
the Ring Model, the plastification is more consistent with the chord face plastification 
assumption made by the yield line models (Makino et al. 1990; Soh et al. 2000). The 
positions of the hinges in the Ring Model are idealized based on the assumption that 
most of the load transfer from the brace to the chord occurs at the saddles. However, 
the actual ‘position’ is between the centerline of the chord and saddle, and a second 
constant ( 1c ) was incorporated into Ring Model equation (2-5) in order to fit 











Corresponding AS X-joint of 
XP-0.7-57-33-C & XP-0.7-57-65-C 
(c) XP-0.7-26-39-C (left) and corresponding AS X-joint (right) 
(d) XP-0.7-41-34-C (left) and corresponding AS X-joint (right) 
(e) XP-0.4-41-34-C (left) and corresponding AS X-joint (right) 
Figure 6-3: von-Mises stress contour plot of chord (front view) and pile (back view) at 













Corresponding AS X-joint of 
XP-0.7-57-33-C & XP-0.7-57-65-C 
(c) XP-0.7-26-39-C (left) and corresponding AS X-joint (right) 
(d) XP-0.7-41-34-C (left) and corresponding AS X-joint (right) 
(e) XP-0.4-41-34-C (left) and corresponding AS X-joint (right) 
Figure 6-4: von-Mises stress contour plot of chord (top view) at Pmax; numerical results 
for DSG X-joint under brace axial compression 
Chord plastification in an AS X-joint usually consists of a mix of both chord 
ovalization and chord face plastification. The dominating mechanism may change over 
the entire range of geometric parameters. As a result, the empirically derived strength 
equations in design guidance/codes are more reflective of the actual failure modes in 
the AS joints. Since joint behavior of the DSG X-joints under brace axial compression 
are similar to the AS X-joints from both deformation and plastification patterns, the 
Equivalent Thickness approach incorporating grout contribution can make use of 
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current AS strength factor.  
6.2.3 Grout Failure 
The modeling of compressive damage is essential for the modeling of joint behavior 
for the DSG X-joint under brace axial compression; see Figure 6-5 and Figure 6-6. 
Without the modeling of compressive damage (even with softening in the stress-strain 
curve), the joint load would increase upon further loading, and peak at a large chord 
ovalization; more ductile behavior than observed in the test specimens.  
The compressive damage causes the DSG X-joint under brace axial compression to 
display a less ductile response which fit more closely to the experimental load-
ovalization characteristics. Hence, grout failure limits the joint ductility and strength 
under brace axial compression. On the other hand, for the DSG X-joints under brace 
axial tension, joint strength is limited by chord ductile fracture at the saddle location. 
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Figure 6-5: Effect of grout damage in DSG X-joints 
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 Test
 (d) XP-0.4-41-34-C 
Figure 6-6: Effect of grout damage in DSG X-joints under brace axial compression 
Examining the extent and locations of grout damage in the numerical models at the 
peak load (Pmax), the grout compressive damage mainly occurs at the meridian position; 
see Figure 6-7. The position of the damage on the pile side of the grout indicates the 
direction of the bending moment on the double-skin configuration. Since it is the 
plastic strain component of the total strain that undergoes volumetric dilation under 
compression, the beneficial effects of confinement by the steel layers are less effective 
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when grout damage reduces the accumulation of plastic strains during loading. 
 
(a) XP-0.7-26-39-C 
(b) XP-0.7-57-33-C (c) XP-0.7-57-65-C 
(d) XP-0.7-41-34-C (e) XP-0.4-41-34-C 
Figure 6-7: Location of grout damage at Ppeak; under brace axial compression 
 
6.2.4 Summary 
The following points about the DSG X-joints under brace axial compression can be 
made: 
• Both DSG and AS X-joint have same ovalization characteristics (Figure 6-1) with 





• 3 layers of the double-skin deform together (Figure 6-2); the bending and axial 
capacity of double-skin configuration has to take into account all the 3 components 
• Both chord and pile plastification show similar pattern with the AS X-joints (Figure 
6-3 & Figure 6-4); similar load-carrying mechanism of joint to resist opposing brace 
axial compression 
• Grout behavior and failure limit the ductility and strength of DSG X-joint under 
brace axial compression, and failure occurs mainly at the meridian positions (Figure 
6-7). 
Since both the ovalization characteristics and chord & pile plastifications of the DSG 
X-joint under brace axial compression show similarities with their corresponding AS 
X-joints, joint formulations for the AS X-joint under brace axial compression can be 
modified to take into account the contribution of grout within the double-skin. 
 
6.3 MODIFIED JOINT FORMULATIONS 
6.3.1 Modified Ring Model 
The six-hinge collapse mechanism assumed in the Ring Model is to predict AS X-joint 
failure under chord ovalization. The plastic hinges are formed when bending moments 
in the chord wall reaches the plastic bending capacity. Although plastification of the 
DSG chord and pile are observed at similar positions as the corresponding AS X-joints, 
the joint capacity is reached when grout failure occurred at the meridian positions. 
The Ring Model can be modified to incorporate the contribution of the grout in the 
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bending capacity of the double-skin. Taking into account the moment capacity of the 























⋅       (6-1) 
In the AS joints, the plastic moment capacities at the two hinge locations can be 
assumed to be same ( ( )4tFMM 200ymeridian0saddle0 ⋅=≈ ). This assumption is valid due to 
the dominance of the bending stress component over the axial stress components in the 
chord. 
For the DSG X-joints, the presence of the grout will affect how each of the three layers 
takes the overall axial and bending effects in the double-skin. By being effective only 
in compression, grout layer would take part of the axial stress component in 
compression, and as a result, affecting the axial stress component in the steel layers. 
The bending moment capacity is the summation of the individual bending moment 
capacities, and an additional contribution due to the effect of any force couple within 
the double-skin configuration: 
CFgp0DSG MMMMM +++=        (6-2) 
0M , pM  & gM  are the moment capacity of the chord, grout and pile walls; and CFM  
is the additional moment capacity due to any force couple effect. Since the bending 
moment capacity is dependent on the bending and axial stress components, the axial 
stress components at the meridian position can be related to the brace axial load by 
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taking force equilibrium on the effective length of chord: 
( ) ( ) ( )( ) effmeridiangmeridianpmeridianpmeridian0meridian0u BCTCTC2
P
⋅+−+−=    (6-3) 
where C  and T  are the compressive and tensile forces per unit width within each 
individual layer.  
Substituting the bending moment capacity equation (6-2) and force equilibrium 
equation (6-3) into equation (6-1): 
( ) ( ) ( )( ) ( )
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By making certain assumptions on the stress profile (see sections 6.3.3 and 6.3.4) in 
each layer of the double-skin configuration, equation (6-4) is simplified and solved for 
the bending and axial components in each layer. The joint strength is then found by 
equation (6-3). 
6.3.2 Modified Equivalent Thickness 
Because of the similarities between the ovalization characteristics and chord & pile 
plastifications of the DSG X-joints and the corresponding AS X-joints, another 
approach to joint formulation would be to make use of the existing strength factor for 
AS X-joint under brace axial compression: 








      (6-5) 
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Rather than normalizing the joint strength with the chord thickness in equation (2-3), 
equation (6-5) assumes that the DSG joint strength can be normalized by an equivalent 
chord thickness, eqt  i.e. the 3-layer double-skin can be converted into a chord of an 
equivalent thickness. 
In the ISO-Teq formulation, the equivalent thickness is calculated by assuming the 
bending capacity of the double-skin is simply the summation of the plastic bending 




























0yp0DSG      (6-6) 









tt ⋅+=          (6-7) 
In the ISO-Teq formulation, the grout merely acts as a spacer separating the steel 
layers, and itself does not contribute to the bending capacity of the double-skin. Using 
the same approach as the original equivalent thickness method, an equivalent thickness 






FM +++=⋅=       (6-8) 
Rather than taking force equilibrium of an effective length of the joint and considering 
grout failure at the meridian position i.e. equation (6-3), the equivalent thickness 
approach assumes the total axial forces running in the double-skin to be neglected 
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when computing the bending capacities:  
( ) ( ) ( ) 0TCTCTC ggpp00 =−+−+−        (6-9) 
By making certain assumptions on the stress profile (see sections 6.3.3 and 6.3.4) in 
each layer of the double-skin configuration, the bending and axial components of each 
layer are then solved for using equation (6-9). The equivalent thickness taking into 
account grout contribution is found using equation (6-8). 
6.3.3 Stress Profile in Double-skin 
Stress Profile from Numerical Models 
The stress profiles of the double-skin along the meridian and around the brace footprint 
are examined. These are places where the double-skin takes significant amount of 
bending moments. The nodal stress components perpendicular to the thickness are 
extracted in order to examine the proportions of bending and axial action. 
The double-skin along the meridian, where main grout failure is occurring, takes both 
bending moment (in the direction of the joint axis) and axial forces (in the direction of 
the brace axial loading). Since chord and pile plastification and grout damage occur 
within 0d3 ⋅  of the joint length, stress profiles at 4 positions ( 0d0 ⋅ , 0d1⋅ , 0d2 ⋅ , & 





Figure 6-8: Locations along meridian for stress examination 
The individual layers in the double-skin along the meridian clearly show 3 distinct 
stress profiles; see Figure 6-9. The pile walls have approximately equal amounts of 
compressive and tensile forces, with slightly more compression, implying that bending 
is the dominant action in the pile wall. The maximum stress is slightly over ypF . 
The grout layer is only effective in taking compression with the maximum stress 
reaching around cc F0.2~F5.1 ⋅⋅ . A variety of stress profiles are exhibited and 
indications of strain-softening under compression is apparent especially for the grout 
nearer to the centre of the joint i.e. at 0d0 ⋅  & 0d1⋅ . With the grout taking 
compression and the pile taking only negligible amounts of compression, the chord 
wall takes mainly tension, with maximum stresses are slightly over 0yF . Since there is 
net compression in the grout and net tension in the chord, there is a force couple 
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Figure 6-9: Stress profile of double-skin along meridians; brace axial compression 
The stress profiles of the double-skin along the brace footprint are taken at 3 positions 
( °0.0 , °0.45  & °0.90 ); see Figure 6-10. From the numerical models, compressive 
damage is most severe at the saddle position ( °0.90 ) and least severe at the crown 
position. 
 
Figure 6-10: Locations along brace footprint for stress examination 
The stress profiles along the brace footprint shows marked differences with those 
along the meridian. The stresses in the grout layer exibit more linear stress distribution; 
indicative of less softening in the grout. The portions of compression in both chord and 










moment contribution due to the force couple can be neglected since the net tension is 
small. Moreover, the net tension in the steel layers changes to net compression as the 
double-skin moves away from the saddle. Hence, the moment capacity at the saddle is 
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Figure 6-11: Stress profile of double-skin along brace footprint; brace axial 
compression 
The Ring Model equation (6-4) needs to be simplified so that only the bending and 
axial components in the double-skin configuration at the meridian can be solved for. 
The first simplication has already been made to moment capacity at the saddle by 
ignoring any force couple contribution i.e. equation (6-11).  
The Ring Model equation (6-4) can be simplified further:  
( ) ( ) ( )( ) ( )













































   
          (6-12) 
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1MMM ⋅⋅+⋅⋅>++      (6-13) 
With less net axial forces within the steel walls along the brace footprint, the moment 
capacities are closer to the full plastic moment capacities: higher moment capacities of 
the steel walls along the brace footprint than along the meridian. By ignoring the grout 
contribution to the bending capacity of the double-skin at the saddle, assumption (6-13) 
is reasonable. Hence, equation (6-12) is used to solve for only the bending and axial 
components in the meridian. 
For the equivalent thickness method, it is important to calculate the bending and axial 
components based on stress profiles representative of the 3 layers within the double-
skin. Already at both locations (saddle and meridian), the stress profiles show marked 
differences. Assuming the stress profile along the brace footprint alone is conservative 
since no moment contribution from force coupling is included. On the other hand, by 
assuming the stress profile along the meridian alone would result in an equivalent 
thickness that takes into account the force couple contribution, and is not 
representative of the double-skin everywhere.  
A more appropriate manner would be to calculate the equivalent thickness based on the 
average of the double-skin moment moment capacities at the saddle and meridian. 









0yDSG +=⋅=       (6-14) 
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Ignoring the grout contribution to bending at the saddle i.e. assumption (6-13), 



































          (6-15) 
Together with equation (6-9), equation (6-15) is used to calculate the equivalent 
thickness. 
Idealization of Stress Profile 
In order to calculate the bending capacity of the double-skin, the stresses due to 
bending and axial forces within the 3 layers of the double-skin have to be reasonably 
described. Plastic deformation of the chord and pile, as observed in the numerical 
models, supports the assumption of rectangular stress blocks in the steel layers, which 
are also used in the calculation of plastic bending capacity in the original Ring Model 
and ISO equivalent thickness method; see equation (2-4).  
When both bending and axial force acts on the individual layers, the portion of 
compression and tension force is different. 00 tx ⋅  and pp tx ⋅  are the portions of the 
thickness of chord wall and pile wall under compression; see Figure 6-12.  
Along the meridian positions, the pile wall is observed to be taking mainly bending 
moment along with only negligible amount axial compression; 5.0x p =  is a 
reasonable assumption for the pile wall. The chord wall is observed to be in tension 
along the meridian 5.0x0 < . Along the brace footprint, the portions of 
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tension/compression are similar in both pile and chord wall 5.0xx 0p ≈= . 
In the grout layer, stress profile is less straightforward because of strain-softening 
behavior beyond the compressive/tensile strength. Usually, either a rectangular stress 
block (normal strength concrete) or triangular stress block (high strength and ultra-high 
strength concrete) is assumed in the design of structural reinforced concrete members; 
and only the compressive strength and the stress-strain curve before the strain-
softening are considered effective to strength. 
 
Figure 6-12: Idealization of stress profiles in the double-skin; brace axial compression 
For the case of the DSG X-joint under significant plastic deformation, portions of the 
grout at the meridian positions have already undergone significant strain-softening 












































compressive strength of the grout can be higher than cF . The constant p  is the ratio of 
actual stress over cF . Since the grout material is an ultra-high strength concrete, a 
triangular stress block is assumed. This is consistent with the stress-strain curves 
obtained in the uniaxial compression tests on the cylinders; see Chapter 1 section 3.7. 
Based on the idealized stress profiles in Figure 6-12, the bending capacities of 
individual layers are: 



















gcg  (triangular stress block) 
( )p2p2pypp xxtFM +−⋅⋅=  (rectangular stress block) 
(6-16) 
 
The corresponding resultant axial compressions in each layer are then:  
( )1x2tFTC 000y00 −⋅⋅⋅=−  (rectangular stress block) 
ggcg txFp2
1C ⋅⋅⋅⋅=  (triangular stress block) 
( )1x2tFTC ppyppp −⋅⋅⋅=−  (rectangular stress block) 
(6-17) 
 
For the additional moment capacity due to the force couple along the meridian: 









⋅−=       (6-18) 
6.3.4 Forces in Double-skin 
From the observed stress profiles in Figure 6-9, only the value of 5.0x p =  can be 
reasonably assumed along the meridian, while the grout stress reaches about 
cc F0.2~F5.1 ⋅⋅ . In order to obtain more information for gx , p  and 0x  along the 
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meridian, the total accumulated axial compression in the vertical direction along the 
meridian are extracted for each layer; see Figure 6-13. For each layer, the accumulated 
axial compression for a particular length along the meridian can be found by 
integrating the compressive stress along the thickness and length: 




lll      (6-19) 
where 0,g,pi =  for pile, grout and chord respectively. 
 
Figure 6-13: Accumulation of axial compression within the individual layers within the 
double-skin along the meridian 
Consistent with the observation of the stress profile, the grout and chord wall are in 
axial compression and tension respectively; see solid lines in Figure 6-14. The axial 
compression and tension are observed to accumulate linearly along the meridians up to 
length of 0d5.2 ⋅ , and the contribution of axial forces by the grout becomes smaller 
outside this length. 0eff d5.2B ⋅=  is a reasonable effective length for the Ring Model. 































force: bending is the dominate action in the pile wall. 
The dashed straight lines on Figure 6-14 correspond to the axial force accumulation by 













ll       (6-20) 
Both the axial force accumulations of the grout and chord follow the linear dash lines, 
represented by (6-20), closely. By taking vertical force equilibrium, the stress profiles 
of both the grout and chord can be represented by constant stress blocks that 
accumulate the axial force along the meridians for 0eff d5.2B ⋅=  exactly by equation 
(6-20) i.e. the actual stress profiles along the meridian are represented by an equivalent 
constant stress profile along the meridian that gives the same axial force equilibrium. 
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2.5d0
(b) XP-0.7-57-33-C 
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(c) XP-0.4-57-65-C 
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2.5d0
(e) XP-0.7-41-34-C 
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 DSG          Grout axial force
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2.5d0
(f) XP-0.4-41-34-C 
Figure 6-14: Force accumulation along the meridian at Pmax 
Intrinsic to the nature of grout material property, the grout layer can reasonably 
assumed to be only effective in compression. Hence, the current approach assumes gx  
and p  using equation (6-20), and 0x  is then solved using equation (6-12) for the 
Modified Ring Model.  
For Modified Equivalent Thickness, a triangular stress block for the grout layer is also 
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assumed when moment capacity of the double-skin configuration is calculated using 
equation (6-15). 
Applying equation (6-20) to the grout layer, several combinations of gx  and p  are 
possible for the triangular stress block: 
Table 6-1: xg and p for triangular stress block in grout; brace axial compression 
=p  1.5 1.0 
=gx  0.67 1.0 
 
By taking 5.1p = , the modified formulations are assuming that the confinement effect 
on grout strength within the double-skin is effective. Alternatively, the uni-axial 
compressive strength can be assumed: 0.1p = . Since the actual confinement within the 
double-skin is 3-dimensional, the assumption of 0.1p =  is considered conservative. 
The corresponding gx  values are then: 0.67 and 1.0 for 5.1p =  and 0.1p =  
respectively. 
6.3.5 Final Equations 
Solving for x0 (Modified Ring Model) 
By substituting 5.0x p = , and the assumed gx  & p  values from Table 6-1 into 
equations (6-16), (6-17) & (6-18), 0x  along the meridian becomes the only unknown 
to be solved for in the Ring Model equation (6-12). uP  can be found using equation 
(6-3) with the corresponding px , gx  and p  and the calculated 0x  values. All 
predictions by the Modified Ring Model will assume 0eff d5.2B ⋅=  and 81.0c1 = . 
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It must be noted that the resulting equation from which the value of 0x  is solved for is 
quadratic. Hence, an explicit form for uP  as a function of 0x , gx  and p  is difficult to 
be obtained. 
Solving for x0 (Modified Teq) 
By substituting 5.0x p = , and the assumed gx  & p  values from Table 6-1 into 













−=      (6-21) 
The equivalent thickness eqt  is then found using equation (6-15): 
( ) ( )











































          (6-22) 
The computed eqt  is then used to calculate joint strength using the appropriate strength 
factors, uQ  for AS X-joints under brace axial compression, i.e. equation (6-5): 












6.4 NUMERICAL PARAMETRIC STUDIES 
6.4.1 Material & Parameter Inputs 
In order to verify the predictions from the modified formulations, numerical parametric 
studies are extended around each test specimen about the geometric parameters: β, 2γ, 
2γg, & 2γp. Since the material properties (steel yield stress and grout compressive 
strength) varied with slight differences for each test specimen, the numerical 
parametric studies are grouped according to the accompanying test specimens. Table 
6-2, Table 6-3, Table 6-4 & Table 6-5 summarize the range of geometric parameters 
and material properties for the numerical models. Friction co-efficient of µ=0.6 is used 
in all numerical analyses. 
For the corresponding formulation predictions, the material and geometric inputs 
follows those of the FE models. The grout stress profiles in Table 6-1 are examined.  
Table 6-2: Group 1 (XP-0.7-26-39-C): material & geometric parameters 








C 0.68 27.0 10.9 40.8 1.25 360 370 185 
FE models 
0.2 ≤ β ≤ 0.9 
20 ≤ 2γ ≤ 100 
10 ≤ 2γg ≤ 30 
20 ≤ 2γp ≤ 100 
1.0 360 360 185 




Table 6-3: Group 2 (XP-0.7-57-33-C & XP-0.7-57-65-C): material & geometric 
parameters 








C 34.7 370 360 185 
XP-0.7-57-65-
C 
0.71 60.9 24.6 
65.5 
1.25 
370 380 185 
FE models 
0.2 ≤ β ≤ 0.9 
20 ≤ 2γ ≤ 100 
15 ≤ 2γg ≤ 30 
20 ≤ 2γp ≤ 100 
1.0 370 370 185 
Total FE models = 26 
Table 6-4: Group 3 (XP-0.7-41-34-C): material & geometric parameters 








C 0.68 43.2 17.2 36.4 1.6 370 370 180 
FE models 
0.2 ≤ β ≤ 0.9 
20 ≤ 2γ ≤ 100 
10 ≤ 2γg ≤ 30 
20 ≤ 2γp ≤ 100 
1.0 370 370 180 
Total FE models = 20 
Table 6-5: Group 4 (XP-0.4-41-34-C): material & geometric parameters 








C 0.43 43.2 17.2 31.3 1.25 380 370 180 
FE models 10 ≤ 2γg ≤ 30 20 ≤ 2γp ≤ 100 
1.0 380 370 180 
Total FE models = 9 
 
Joint strength is taken as either the first observable peak in the load-ovalization plots, 




6.4.2 External Experimental Data 
In addition to the test data from NUS, test results from external references will also be 
compared with the modified formulation. Experimental investigations on ultimate 
strength of double-skin grouted joints have been done by Tebbett et al. (1982), DNV 
(1984) and Trinh et al. (1994). Only DNV (1984) and Trinh et al. (1994) reported both 
the failure strength and material properties. The results and properties for the DSG X-
joints under brace axial compression are listed in Table 6-6. 
Table 6-6: Experimental data (brace axial compression) for comparison 
Geometric Parameters Material Properties 







NUS (2009 & 2011): 5 specimens 
XP-0.7-26-
39-C 324 0.68 27.0 10.9 40.8 360 370 185 2285 
XP-0.7-57-
33-C 457 0.71 60.9 24.6 34.7 370 360 185 1764 
XP-0.7-57-
65-C 457 0.71 60.9 24.6 65.5 370 380 185 1305 
XP-0.7-41-
34-C 324 0.68 43.2 17.2 36.4 370 370 180 1199 
XP-0.4-41-
34-C 324 0.43 43.2 17.2 31.3 380 370 180 1042 
DNV (1984): 3 specimens 
PP1-1 298 0.51 41.4 6.3 26.3 355 355 60 981 
PP1-3 298 0.51 39.5 22.4 32.6 353 353 60 490 
PP1-4 294 0.51 38.7 6.8 27.5 353 355 60 966 
Trinh et al (1994): 1 specimen 
B1 508 0.41 53.5 9.4 46.1 245 245 30 1270 
 
Chord ovalization has been observed in all the DSG X-joints tested. In the DNV (1984) 
tests, only one DSG joint was tested to failure; joint had reached peak load in the load-
deformation plot. Although chord ovalization was observed in the other joints, the 
actuator used was not strong enough to fail the specimens. 
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Similar joint failure was also observed in Trinh et al. (1994)’s DSG X-joint, but it must 
be noted that the pile was only 0d0.3 ⋅  in length, and the grout was confined at the 
ends with diaphram rings welded to the chord and pile. 
Unlike the ultra-high strength materials in the current tests that shown linear stress-
strain curves before the compressive strength, the grout materials used by DNV and 
Trinh are considered high strength and normal strength concrete respectively. These 
materials display more non-linearity before the compressive strength. 
6.4.3 Influence of 2γg & effect of grout stress profile 
In comparison with the corresponding ISO-Teq predictions, the contribution of grout 
to joint strength is more obvious for DSG X-joints with relatively thick grout i.e. low 
2γg, and the improvement in prediction over the ISO-Teq method becomes significant; 
see Figure 6-15. 
The effect of different grout stress profiles on the joint strength is apparent when the 
numerical parametric studies are also done over 2γg. For the each formulation, the 
stress profile with 5.1p =  gives higher prediction. This is because with 5.1p = , the 
smaller gx  gives a larger moment arm within the grout layer for the computation of 
gM .  
Generally, the Modified Equivalent Thickness gives higher predictions than the 
Modified Ring Model, and the difference becomes larger at low 2γg values. There is 























 FE (β=0.71, 2γ=60.9, 2γp=34.7)
 Modified Ring Model 
 Modified Teq
(b) Group 2 (XP-0.7-57-33-C) 




















 FE (β=0.68, 2γ=27.0, 2γp=40.8)
 Modified Ring Model 
 Modified Teq
(i) p=1.5 & xg=0.67
(ii) p=1.0 & xg=1.0
 
(a) Group 1 



















 FE (β=0.71, 2γ=60.9, 2γp=65.5)
 Modified Ring Model 
 Modified Teq
(c) Group 2 (XP-0.7-57-65-C) 




















 FE (β=0.68, 2γ=43.2, 2γp=36.4)
 Modified Ring Model 
 Modified Teq
(d) Group 3 





















 FE (β=0.43, 2γ=43.2, 2γp=31.0)
 Modified Ring Model 
 Modified Teq
(e) Group 4 
Figure 6-15: Joint strength (test and numerical) with formulation predictions versus 2γg; 
under brace axial compression 
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6.4.4 Influence of β, 2γ, & 2γp 
Figure 6-16, Figure 6-17 & Figure 6-18 shows the modified formulations assuming 
grout stress profile with p=1.0 & xg=1.0. Generally, both modified formulations 
predicts better than the ISO-Teq over β, 2γ & 2γp. The Modified Ring Model 
predictions are consistently lower than those of the Modified Equivalent Thickness. 
With the exception of the comparisons over β, the shape of the plots for the both 
predictions do not change much; only the position in the vertical direction changes.  





















 FE (2γ=27.0, 2γg=10.9, 2γp=40.8)
 Modified Ring Model
 Modified Teq
(a) Group 1 



















 FE (2γ=60.9, 2γg=24.6, 2γp=34.7)
 Modified Ring Model
 Modified Teq
(b) Group 2 (XP-0.7-57-33-C) 

















 FE (2γ=60.9, 2γg=24.6, 2γp=65.5)
 Modified Ring Model
 Modified Teq
(c) Group 2 (XP-0.7-57-65-C) 


















 FE (2γ=43.2, 2γg=17.2, 2γp=36.4)
 Modified Ring Model
 Modified Teq
(d) Group 3 
Figure 6-16: Joint strength (test and numerical) with formulation predictions versus β; 
under brace axial compression 
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 FE (β=0.68, 2γg=10.9, 2γp=40.8)
 Modified Ring Model
 Modified Teq
(a) Group 1 


















 FE (β=0.71, 2γg=24.6, 2γp=34.7)
 Modified Ring Model
 Modified Teq
(b) Group 2 (XP-0.7-57-33-C) 

















 FE (β=0.71, 2γg=24.6, 2γp=65.5)
 Modified Ring Model
 Modified Teq
(c) Group 2 (XP-0.7-57-65-C) 



















 FE (β=0.68, 2γg=17.2, 2γp=36.4)
 Modified Ring Model
 Modified Teq
(d) Group 3 
Figure 6-17: Joint strength (test and numerical) with formulation predictions versus 2γ; 





















 FE (β=0.68, 2γ=27.0, 2γg=10.9)
 Modified Ring Model
 Modified Teq
(a) Group 1 
















 XP-0.7-57-33-C & XP-0.7-57-65-C
 FE (β=0.71, 2γ=60.9, 2γg=24.6)
 Modified Ring Model
 Modified Teq
(b) Group 2  


















 FE (β=0.68, 2γ=43.2, 2γg=17.2)
 Modified Ring Model
 Modified Teq
(c) Group 3 

















 FE (β=0.43, 2γ=43.2, 2γg=17.2)
 Modified Ring Model
 Modified Teq
(d) Group 4 
Figure 6-18: Joint strength (test and numerical) with formulation predictions versus 2γp; 




6.5 COMPARISON WITH CURRENT GUIDANCE 
The trends in the various predictions are more clearly shown when they are plotted 
against the corresponding test and numerical results; see Figure 6-19, Figure 6-20, 
Figure 6-21, Figure 6-22 & Figure 6-23. Numerical results in which brace failure and 
brace yielding occurred are taken out.  
The ISO-AS predictions show significant under-prediction and large scatter when 
compared to the test and numerical results; see Figure 6-19 (a). Figure 6-19 (b) show 
that the under-predications and scatter occur for large 2γ ratios because the 
contributions of pile and grout to DSG joint strength become more apparent when the 
chord wall gets thinner. When the comparisons are made across 2γg, the under-
predictions and scatter are evenly distributed; see Figure 6-19 (c). When the 
comparisons are made across 2γp, the effect of pile contribution to strength is apparent; 
see Figure 6-19 (d). 
The ISO-Teq predictions also show under-prediction but smaller scatter than the ISO-
AS predictions; see Figure 6-20 (a). There is no observed pattern when the under-
predictions and scatter are compared across 2γ; see Figure 6-20 (b). The trend for the 
under-predictions and scatter are most apparent when compared across 2γg; Figure 
6-20 (c). Since the ISO-Teq takes into account the pile contribution, the under-
predictions are significant for relatively thick grout, i.e. low 2γg. There is some scatter 


























































































(d) Ratio (result : predictions) versus 2γp 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 6-19: Comparison of DSG X-joint results (numerical and test) under brace axial 





















































































(d) Ratio (result : predictions) versus 2γp 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 6-20: Comparison of DSG X-joint results (numerical and test) under brace axial 




6.6 COMPARISON WITH MODIFIED FORMULATIONS 
Although both Modified Ring Model and Modified Equivalent Thickness predictions 
are able to predict the DSG strength with significantly less scatter, there are still under-
predictions, especially for the Modified Ring Model. Figure 6-21 shows the 
dependency of the choice of grout stress profile on both formulations. Since DSG X-
joint strength under brace axial compression is dependent of the grout representations 
in the formulations, the choice of the type of grout (normal strength, HS or UHS) could 
have some impact on the choice of the assumed grout stress profile.  
Table 6-7 summarizes the mean of the ratio of results (numerical and experimental) 
over predictions. Again, the choice of stress profile in the grout affects significantly the 
predicted joint strength. Generally with 5.1p =  & 67.0x g = , both modified 
formulations give better predictions. There are some slight over-predictions by the 
Modified Equivalent Thickness with this stress profile. If the formulation prediction is 
meant to be a lower bound prediction with respect to the available results, the choice of 
0.1p =
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(b) Results versus Modified Teq 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 6-21: Comparison of DSG X-joint results (numerical and test) under brace axial 
compression with modified formulations 
Table 6-7: Comparison of formulation predictions with test results; brace axial 
compression  
Formulation p xg 




ISO-Teq - - 2.29 0.54 
1.0 1.0 1.30 0.11 Modified Ring 
Model 1.5 0.67 1.22 0.11 
1.0 1.0 1.07 0.08 Modified Equivalent 
Thickness 1.5 0.67 1.00 0.09 
#
 includes all numerical and experimental results; Trinh et al 1994 data not included 
p = 1.0 & xg = 1.0 
p = 1.0 & xg = 1.0 
p = 1.5 & xg = 0.67 
 
p = 1.5 & xg = 0.67 
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Figure 6-22 and Figure 6-23 examine the under-predictions and scatter over the 
geometric parameters (β, 2γ, 2γg & 2γp) for Modified Ring Model ( 0.1p =  & 0.1x g = ) 
and Modified Teq ( 5.1p =  & 67.0x g = ) respectively. With the exception of one data 
point, all external test results fit the general trend of under-predictions and scatter. This 
data point (Trinh et al. 1994), which consistently shows significantly larger under-
prediction than the rest, has the grout confined at the ends with ring diaphrams welded 
to the chord and pile. 
The under-predictions and scatter display some trends over the brace and chord 
parameters (β & 2γ); see Figure 6-22 (a) & (b) and Figure 6-23 (a) & (b). For the 
Modified Ring Model, the trend for under-predictions and scatter is apparent over β 
ratio; see Figure 6-22 (a). Although reasonably predictions can be made with the 
assumed effB  & 1c , their lack of dependencies on β specifically for DSG joints have 
not been verified experimentally. It must note that, even for AS X-joints, effB  shows 
strong dependency on β ratio (Wardenier 2010).  
The Ring Model formulation was modified from the most basic form of the Ring 
Model equation which is independent of 2γ. Kurobane et al (1984)’s Ring Model 
Equation (see equation (2-5)) shows that the AS X-joint strength under brace axial 
compression is slightly higher at the low 2γ ratios. This trend may be present in the 
corresponding DSG X-joints and not captured by the formulation; see Figure 6-22 (b). 
For the Modified Teq formulation, the trend of under-prediction and scatter over β & 
2γ ratios are similar, though is less apparent generally; see Figure 6-23 (a) & (b). There 
are some over-predictions at the large β-ratios (β≥0.7). The use of the AS X-joint 
Chapter 6 
 223 
strength factor under brace axial compression ( ( )γβ,Qu ) is based on the similarities 
between the DSG X-joint and the corresponding AS X-joint in terms of ovalization and 
plastification. The degree of similarity of joint behavior may be different over the joint 
geometric parameters. Thus, the actual empirical form of the DSG X-joint strength 
factor may be slightly different from the AS X-joint strength factor. Moreover, joint 
















































































(d) Ratio (result : predictions) versus 2γp 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 6-22: Ratio of results and predictions (Modified Ring Model) of DSG X-joints 


















































































(d) Ratio (result : predictions) versus 2γp 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 6-23: Ratio of results and predictions (Modified Teq) of DSG X-joints under 





The numerical models show that both ovalization characteristics and plastifications of 
the DSG X-joint under brace compression are similar to the corresponding AS X-joints. 
The DSG joints tend to be more brittle because of grout failure, particularly at the 
meridian positions. The new formulations, both the Modified Ring Model and 
Modified Equivalent Thickness, have shown possible ways to incorporate the grout 
contribution and partial composite action into the double-skin.  
Table 6-8 summarizes the final equations for the modified formulations. Equation (6-3) 
is the vertical force equilibrium of the Modified Ring Model. Based on the assumed 
stress profiles (Table 6-9) in the pile wall and grout layer, the 0x  value at the chord 
wall is solved for using moment equilibrium equation (6-12). The joint strength of the 
Modified Ring Model is then found by equation (6-3). The Modified Equivalent 
Thickness uses the same strength factors as the corresponding AS X-joint: equation 
(6-5). Based on the assumed stress profiles (Table 6-9), the equivalent thickness can be 
expressed explicitly: equation (6-22). The 0x  value at the chord wall can also be 
expressed explicitly: equation (6-21). 
The choice of grout stress profiles and the amount of axial force within the grout layer 
i.e. equation (6-20) affect the predictions for both formulations. It must be noted that 
these assumptions are based on numerical analyses using the ABAQUS Concrete 
Damaged Plasticity Model, and that the numerical analyses are using the properties 
and parameters specific to ultra high-strength grout material. Although the choice of 
triangular stress profile is giving reasonably better predictions than the current ISO-
Teq prediction, caution has to be exercised when generalizing these assumptions to 
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other grout types; or when considering the presence of other loading effects (chord 
stress or cyclic loading). 
In the presence of chord stress, additional loading effect along the direction of the 
chord axis can affect the grout behavior in the double-skin. In the case of compressive 
chord stress, Poisson effect on both chord and pile may reduce the confinement on the 
grout, while the compressive stress on the grout can have a positive effect on 
confinement. In the case of tensile chord stress, the grout may have been damaged 
under tension and reducing the compressive strength, even under confinement. 
Similarly, cyclic loading (brace compression and tension) on the DSG X-joint may 
have the same effects on confinement and grout strength. These effects would have 
additional uncertainties to the grout performance. 
It must noted that the resulting stress profiles observed in the double-skin 
configuration for both the grout and steel portion is not only a result of interaction of 
these 2 different material types within the double-skin configuration, the degree of 
composite action at the interfaces may also affect the resulting double-skin behavior. 
Hence, caution must be exercised w Cops Called for Underboob Cosplay 
Controversyhen the modified formulations are applied to any combination of grout-
steel with significantly different frictional characteristics at the interfaces. The 
assumed friction co-efficient of µ = 0.6 for Ducorit® D4 on steel is consistent with 
Rabbat et al. (1985)’s findings of µ = 0.57~0.7 for most steel-concrete interfaces. 
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Table 6-8: Modified Formulations for DSG X-joints under brace axial compression 
Modified Ring Model  ( ) ( ) ( )( ) effmeridiangmeridianpmeridianpmeridian0meridian0u BCTCTC2P ⋅+−+−⋅=  (6-3) 
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7 NEW FORMULATIONS FOR DSG X-JOINT 
UNDER BRACE TENSION 
7.1 INTRODUCTION 
For the DSG X-joints under brace axial tension, the observed joint behaviour and 
failure are shown to be modified by the pile stiffness. With decreasing pile stiffness, 
chord yielding, ovalizations, and load transfer along the chord-brace intersection 
varied from those of the corresponding FG X-joint to those of the AS X-joints. 
Although current test results show that the Punching Shear formulation is suited for 
many of the DSG X-joints, due to varying behavior and failure modes, the formulation 
is only suitable for certain combinations of geometric parameters. 
In order to develop a new formulation, numerical finite element models are examined 
for additional insights. Both ovalization and plastification patterns of the numerical 
models are consistent with the observed trends in the experiments. Joint behavior and 
failure tending towards AS behavior suggests that a Modified Equivalent Thickness 
formulation for strength prediction (similar to that in DSG X-joint under brace axial 
compression) can be used in conjunction with the Punching Shear equation; strength is 
taken as the lower of the 2 predictions. 
The new formulation is verified by test results and numerical parametric studies which 
are done across the relevant geometric parameters. The numerical parametric studies 
utilize the Continuum Damage Mechanics for ductile fracture in steel; used by Chen 
(2010) for in numerical finite element analyses of tubular joints. The new joint 
formulation shows how relative stiffnesses of the individual double-skin components 
(2γ, 2γg and 2γp) effect joint strength. 
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7.2 JOINT BEHAVIOR (NUMERICAL MODELS) 
7.2.1 Ovalization 
Figure 7-1 shows the horizontal versus vertical ovalization plots (both experimental 
and numerical results) for the FG, DSG and AS X-joints with β=0.7 & 2γ=57.1 chord 
parameters. The ovalizations are plotted up to Pcrack. The amount of horizontal inward 
ovalization over vertical ovalization is indicative of the amount of overall ovalization 
versus localized chord wall deformation around the brace-chord intersection. The 
horizontal chord ovalizations are affected by pile stiffness in the double-skin 
configuration; ovalization characteristics approach to that of the corresponding AS X-
joints when pile stiffness is decreased. Figure 7-2 shows the cross sections of 
numerical models of the same group of X-joints from Figure 7-1; the original chord 
cross sections are indicated by red circles. 
 






























 XP-0.7-57-33-T                      FE
 XP-0.7-57-25-T
 AS       FG
 
Figure 7-1: Horizontal versus vertical chord ovalization (experimental and numerical 
























(e) FG X-joint; XG-0.7-57-T 
DSG X-joints (left) and corresponding AS & FG X-joints (right) 
Figure 7-2: Cross-sectional views of deformed X-joints (numerical models) under 
brace axial tension, plotted at Pcrack (original chord shape indicated by red line); β=0.7 
and 2γ=57.1 
Under brace axial tension, AS X-joint experiences the largest amount of inward 
horizontal ovalization before crack initiation. Bending of the chord wall is expected as 
the portion of the chord wall between the braces straightens under the brace tension; 
see Figure 7-2 (d). For the FG X-joint, negligible amount of inward horizontal 
ovalization is detected in the numerical model. Rather than an overall ovalization, 
much of the chord wall deformation is localized around the brace-chord intersection; 
see Figure 7-2 (e). Chen’s Modified Punching Shear equation (4-3) is based on the 
change in load transfer along the brace-chord intersection due to this highly localized 
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chord wall deformation; load transfer consists of both shear and membrane actions 
rather than just shear action in the original Punching Shear formulation. 
For the DSG X-joints, the inward horizontal ovalizations vary with the pile stiffness. 
As the pile stiffness increases, the amount of overall chord ovalization is reduced and 
the localized chord wall deformation along the brace-chord interserction increases.  
For XP-0.7-25-T, the DSG X-joint with the thickest pile, the amount of localized chord 
wall deformation is high enough to achieve the type of shear and membrane load 
transfer in the chord wall around the brace-chord intersection which is similar to the 
FG X-joint. The resulting strength is close to the corresponding FG strength. On the 
other hand, XP-0.7-57-65-T, the DSG X-joint with the thinnest pile, exhibits a chord 
ovalization that is closer to the corresponding AS X-joint; see Figure 7-2 (a).  
As the pile stiffness decrease from XP-0.7-57-25-T to XP-0.7-57-33-T, the amount of 
localized chord wall deformation may not be high enough to achieve the combined 
membrane and shear action in the chord wall around the brace-chord intersection; 
resulting in shear as the main load transfer between chord wall and brace. The joint 
strength is close to the Punching Shear prediction.  
With the exception of XP-0.7-57-25-T and XP-0.7-57-65-T, the joint strengths of all 
the other DSG X-joints are close to the Punching Shear predictions; see Figure 4-38 
from Chapter 1. Figure 7-3 and Figure 7-4 show the horizontal versus vertical 
ovalization plots (both experimental and numerical results) for these DSG X-joints of 
β=0.7 and β=0.4 chords respectively. For these DSG X-joints, very similar ovalization 




   






























 XP-0.7-41-34-T                      FE
 XP-0.7-57-33-T
   AS         FG
 
Figure 7-3: Horizontal versus vertical chord ovalization (experimental and numerical 


































 XP-0.7-41-34-T                      FE
 AS      
 
Figure 7-4: Horizontal versus vertical chord ovalization (experimental and numerical 








7.2.2 Chord and Pile Plastification 
The corresponding chord and pile plastifications of the DSG X-joints under brace axial 
tension are shown in Figure 7-5, Figure 7-6, and Figure 7-7; corresponding to the 
joints in the horizontal versus vertical chord ovlization plots. All von Mises stresses 
are plotted at Pcrack. For XP-0.4-41-34-T, brace yielding has occurred rather than chord 
fracture, so the von Mises stresses are plotted at PBY. The chord plastification patterns 
of the AS, FG and DSG X-joints show how the chords respond differently under brace 
axial tension. 
Extensive chord plastification in the AS X-joints is consistent with the observed 
yielding pattern in the tests; see Figure 4-29 (e). Chord plastification starts at the centre 
of the joint between the saddles. As the chord ovalizes, plastification spreads along the 
joint meridian and around the brace-chord intersection; see Figure 7-5 (d). The chord 
responds to incoming axial tension by ovalization with bending as the dominant action 
in the chord walls. 
For the FG X-joint (XG-0.7-57-T), the chord plastification extends only within the 
region directly between the braces; see Figure 7-5 (e). Since chord ovalization is 
prevented by the rigid grout, the plastification is mainly due to membrane as the 
dominant action in the chord walls. 
Like the ovalization characteristics in Figure 7-1, the chord plastifications of the DSG 
X-joints are directly affected by the pile stiffness; see Figure 7-5 for the β=0.7 & 
2γ=57.1 X-joints. In the DSG X-joints, both the grout and pile act as flexible 
resistances to chord ovalization. With a stiff enough pile in XP-0.7-57-25-T, the chord 
responds in a manner similar to the corresponding FG joint; brace tension is 
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transmitted across the chord mainly via membrane action; see Figure 7-5 (c). As the 
pile stiffness reduces from XP-0.7-57-25-T to XP-0.7-57-65-T, the chord of the DSG 
X-joint begin to display plastification pattern similar to the corresponding AS X-joint, 
resulting in increasing bending over membrane as the dominant action in chord wall; 
see Figure 7-5 (a). 
Figure 7-6 and Figure 7-7 show the DSG X-joints with joint strengths that are close to 
the Punching Shear prediction. For the DSG X-joints at β=0.7 in Figure 7-6, a variety 
of chord plastification patterns are observed. All 3 DSG X-joints have comparable pile 
stiffnesses (2γp of 32.5, 34.1 & 38.8) but different chord stiffnesses (2γ of 25.5, 40.5 & 
57.1). The DSG X-joint with the thinnest chord (XP-0.7-57-33-T) displays a chord 
plastification relatively more similar to the FG X-joint than the DSG X-joint with the 
thickest chord (XP-0.7-26-39-T):  XP-0.7-26-39-T shows a chord plastification pattern 
similar to its corresponding AS X-joint. Similar observation can be made for the DSG 
X-joints at β=0.4 in Figure 7-7. 
Hence, how the chord in DSG X-joint responds to brace axial tension is affected by the 
relative stiffness of the double-skin configuration. A DSG X-joint with thin chord 
(high 2γ value) and thick pile (low 2γp value) is going to approach the corresponding 
FG joint plastification pattern. Conversely, a DSG X-joint with thick chord and pile is 
going to approach the corresponding AS plastification pattern. 
The plastification pattern of the pile is independent of the chord and pile stiffnesses (2γ 
& 2γp), and the brace diameter (β ratio); see pile plastifications in all Figure 7-5, Figure 
7-6 and Figure 7-7. The plastification is indicative of bending as dominant action in 
pile wall. Both the pile and grout do not take any brace tension (all brace tension loads 
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(d) AS X-joint; X-0.7-57-T 
 
 
(e) FG X-joint; XG-0.7-57-T 
 
 
DSG X-joints (left) and corresponding AS & FG X-joints (right) 
Figure 7-5: von-Mises stress contour plot of chord (front & top view) and pile (back 













(d) AS X-joint; X-0.7-26-T 
 
 
(e) FG X-joint; XG-0.7-26-T 
 
 
DSG X-joints (left) and corresponding AS & FG X-joints (right) 
Figure 7-6: von-Mises stress contour plot of chord (front & top view) and pile (back 





(a) XP-0.4-41-34-T (b) XP-0.4-57-33-T 
Figure 7-7: von-Mises stress contour plot of chord (front & top view) and pile (back 
view), plotted at Pcrack; β=0.4 and 2γ=40.5 & 57.1 
7.2.3 Grout Contribution 
From the sensitivity studies of the numerical finite element analyses (Chapter 1), both 
DSG X-joint stiffness and strength are less sensitive to the grout properties under brace 
axial tension than compression. Grout failure (represented by compressive damage in 
Concrete Damaged Plasticity Model) is not found to be critical to joint ductility and 
failure, unlike for the DSG X-joints under compression. 
However, test results show that the current Equivalent Thickness Method in ISO 
(2007), which ignores grout contribution to the bending capacity of the double-skin, 
under-predicts the actual joint strength for XP-0.7-57-65-T (the only DSG X-joint to 
have strength below the punching shear prediction). Hence, any formulation would 
have to take into account the grout behavior in the double-skin. 
7.2.4 Summary 
From the experimental and numerical observation of the DSG X-joint under brace 
axial tension, the following points can be made: 
• Although the punching shear equation is able to predict adequately joint strength 
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(Figure 4-38) for most DSG X-joints, changes in joint behavior and failure mode 
(either towards FG or AS behavior) would mean that for certain geometric 
parameters the joint strength can be higher (XP-0.7-57-25-T) or lower (XP-0.7-57-
65-T) than the punching shear prediction. 
• With decreasing pile stiffness (or increasing 2γp), chord behavior and failure changes 
from those observed in FG joints to those of the AS joints; see chord yield pattern 
and crack pattern in Figure 4-29. 
• Change in joint behavior and failure mode is due to change from highly localized 
chord wall deformation along brace-chord intersection to overall chord ovalization 
(cross-sectional distortion); this is dependent on the relative stiffness of double-skin 
components (2γ, 2γg & 2γp). 
• High localized chord wall deformation along brace-chord intersection is associated 
with Punching Shear and Modified Punching Shear failure modes. 
• Overall chord ovalization is associated with failure due to extensive chord 
deformation under mainly bending action in the chord wall; the failure mode 
approaches that of the corresponding AS X-joint. 
• Pile plastification pattern of the DSG X-joints indicate that bending is the dominant 




7.3 MIXED JOINT FORMULATION 
7.3.1 Rationale 
For any analytical or semi-empirical formulation to be developed, the assumed joint 
behavior or failure mode must be the dominating mechanism. In the case of DSG X-
joints under brace axial tension, joint behavior and failure mode change depending on 
how the chord responds to the incoming braces. This is dependent on the relative 
stiffnesses of the double-skin components (2γ, 2γg & 2γp) and perhaps on the brace 
diameter (β).  
In a DSG X-joint under brace axial tension, failure modes range from the Modified 
Punching Shear & Punching Shear (when the joint experiences high localized chord 
wall deformation along the brace-chord intersection) to chord ovalization (when the 
pile and grout stiffnesses are not high enough to restrict chord ovalization) 
As it is difficult to develop a single formulation that captures the gradual change in 
joint behavior and failure mode, the strategy is to have different formulations to 
describe the DSG X-joint for different assumed joint behaviors; and joint strength is 
then taken as the lowest of the different predictions.  
The proposed Mixed Formulation consists of the Punching Shear and Modified 
Equivalent Thickness formulations. Although the Punching Shear equation is shown to 
predict joint strengths over a variety of combinations of 2γ, 2γg & 2γp ratios in the 
experiments, this formulation is most suitable for geometric combinations where the 
pile and grout stiffnesses are high enough to restrict significant chord ovalization. 
However, by using the Punching Shear equation alone, the Mixed Formulation would 
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not be able to predict joint strengths higher than the punching shear strength. Although 
the Modified Punching Shear equation (4-3) can provide the upper bound strength for 
the DSG X-joints, the transition of joint behavior from Punching Shear to the Modified 
Punching Shear requires accurate description of the magnitude of membrane and shear 
actions of the chord wall along the brace-chord intersection. This is directly dependent 
on the amount of localized chord wall deformation; which is in turn dependent on the 
relative stiffnesses of the double-skin components. 
For the combination of 2γ, 2γg & 2γp ratios for which significant chord ovalization 
occurs, the Modified Equivalent Thickness is used with the original strength factor (Qu) 
for AS X-joint under brace axial tension. This assumption is reasonable as both 
ovalization and chord plastification approach those of the corresponding AS X-joint. 
Although the same plastification pattern is observed for AS X-joint under brace axial 
tension and compression, the joint strength for the brace axial compression is usually 
associated with a plastic-hinge collapse mechanism (Ring Model). For the AS X-joint 
under brace axial tension, ovalization is usually followed by increasing membrane 
action in the portion of the chord between the saddles as the chord wall becomes 
straightened and stretched in the direction of the tensile loading. Hence, the Ring 
Model formulation is not used. 
7.3.2 Punching Shear 
The Punching Shear equation (2-1): 
2
00yau tFk3
2P ⋅⋅γ⋅β⋅⋅pi=        (2-1) 
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7.3.3 Modified Equivalent Thickness 
In the Modified Equivalent Thickness method, the DSG X-joint strength is calculated 
using the original strength factor for AS X-joint under brace axial tension: 


















     (7-1) 
The equivalent chord thickness ( eqt ) is calculated by taking into account the grout 






FM +++=⋅=       (6-8) 
By making certain assumptions on the stress profile (see sections 7.3.4) in each layer 
of the double-skin configuration, the bending and axial components of each layer are 
then solved for using equation (6-9): 
( ) ( ) ( ) 0TCTCTC ggpp00 =−+−+−        (6-9) 
With the bending and axial components solved, the equivalent thickness is then 
calculated using equation (6-8). 
7.3.4 Stress Profile in Double-skin 
The stress profiles of the double-skin along the meridian and around the brace footprint 
are examined. Similar to the DSG X-joints under brace axial compression, these are 
the areas of the joint where significant amounts of bending occur. The nodal stress 
components perpendicular to the thickness are extracted in order to examine the 
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proportions of bending and axial action. 
Stress profiles at 4 positions ( 0d0 ⋅ , 0d1⋅ , 0d2 ⋅ , & 0d3 ⋅ ) along the meridian are 
examined; see Figure 6-8 from Chapter 7. Stress profiles of the double-skin along the 
brace footprint are taken at 3 positions ( °0.0 , °0.45  & °0.90 ); see Figure 6-10 from 
Chapter 7. 
In contrast to the DSG X-joints, both the AS and FG X-joints show very markedly 
different stress profiles in the chord along the meridian. With approximately equal 
amounts of compressive and tensile forces in the chord wall, the stress profile in the 
AS X-joint indicates bending as the dominant action. For the FG X-joint, the stress 
profiles show dominant membrane action in the chord wall. In the DSG chord, both 
bending and membrane actions are present.  
The individual layers in the double-skin along the meridian clearly show 3 distinct 
stress profiles; see Figure 7-8. The pile walls have approximately equal amounts of 
compressive and tensile forces, with slightly more compression, implying that bending 
is the dominant action in the pile wall. The maximum stress is slightly over ypF . 
The grout along the meridian shows relatively less softening in comparison to the grout 
of the DSG X-joints under brace axial compression: the stress profiles have a fairly 
consistent triangular profile along the meridian with the maximum stress reaching 
cF0.1 ⋅ . The compression stress extends to about 31~41  of the grout thickness. 
With the grout taking compression and the pile taking equal amounts of tension and 
compression, there are both bending and membrane actions in the chord wall with 
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maximum stresses slightly over 0yF . With a net compression in the grout and a net 
tension in the chord, there is a force couple which acts in the opposite direction of the 
moment resistance of the individual components. Hence, the moment capacity of the 
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Figure 7-8: Stress profile of double-skin along meridians; brace axial tension 
Figure 7-9 shows the stress profiles along the brace footprint, and there are some 
differences with those along the meridian. The pile wall shows a variety of stress 
profiles. The tensile stress decreases from the crown location ( °0.0 ) to the saddle 
location ( °0.90 ); between °0.45  and °0.90 , the pile wall experiences approximately 
equal amounts of the axial tension and compression. As an approximation, the pile 
wall along the brace footprint is assumed to be taking only bending action. 
Unlike the stress profile of the grout along the meridian which shows a fairly 
consistent triangular profile, the compressive stresses along the brace footprint changes 
with the pile stiffness. With increasing pile stiffness, the compressive stresses in the 
grout layer are small. Conversely, the grout takes more stresses and strain-softening 
with decreasing pile stiffness, indicating more bending; see Figure 7-9. 
With the grout taking compression and the pile taking equal amounts of tension and 
compression, there are both bending and membrane actions in the chord wall. The 
tensile stresses in the chord wall are higher than those along the meridian; tensile 
stresses reach 0yF0.2 ⋅ . The chord wall takes more membrane tension along the brace 
footprint than along the meridian. This is expected as the tensile force is transmitted 
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along a shorter length along the brace footprint (limited by circumference of brace) 
than along the meridian. With net compression in the grout and net tension in the chord, 
there is a force couple which contributes to the moment capacity of the double-skin 
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Figure 7-9: Stress profile of double-skin along brace footprint; brace axial tension 
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For the equivalent thickness method, it is important to calculate the bending and axial 
components based on stress profiles representative of the 3 layers within the double-
skin. The equivalent thickness is based on the average of the double-skin moment 









0yDSG +=⋅=       (6-14) 
Assuming rectangular stress blocks for the steel walls and triangular stress blocks for 
the grout layer, Figure 7-10; the bending and axial components of the individual layers 













































        (6-17) 
00 tx ⋅ , pp tx ⋅  and gg tx ⋅  are the portions of the thickness of chord wall, pile wall and 




Figure 7-10: Idealization of stress profiles in the double-skin; brace axial tension 
By making assumptions on the compressive stress profiles in the grout layer and pile 
wall, the portion of the chord wall thickness at each location can be solved for using 













−=      (6-21) 
At both locations, the pile walls have approximately equal amounts of compressive and 
tensile forces =meridianpx 5.0x saddlep = . By using 5.0x p =  in equation (6-21), the net 
compression in the grout is found to be equal to the net tension in the chord. Hence, the 
moment capacity due to the force couple is found using equation (6-18): 





⋅−=         (6-18) 
If the same stress profile ( saddlemeridian pp =  and saddlegmeridiang xx = ) is assumed for the 






























g MM =    (7-4) 
The resulting equivalent thickness can be calculated based on the bending capacities of 
the individual layers at either location. 
When the grout layer along the brace footprint is under less compressive stress than the 
grout layer along the meridian: saddlemeridian pp >  and saddleg
meridian
g xx >  ; the following 












g MM >    (7-5) 
In this case, there is an overall reduction of the bending capacity of the double-skin, 
since force couple at the meridian acts in opposite direction of the bending capacity 
and cancels the effect of the positive contribution of the force couple along the brace 
footprint. This scenario probably occurs when the pile stiffness is high relative to the 
stiffness of the grout or chord. 
In the case when the pile stiffness is low, the grout layer along the brace footprint 
maybe under more compressive stress than those along the meridian: saddlemeridian pp <  
and saddleg
meridian
g xx < . When this is the case, the following condition along the meridian 












g MM <    (7-6) 
In this case, the force couple at the meridian does not cancel off the contribution of the 
force couple along the brace footprint. Since the purpose of the Modified Equivalent 
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Thickness approach is to provide joint strength prediction when the DSG X-joint 
behavior approaches the corresponding AS X-joint behavior, only the condition (7-6) 
is relevant to the formulation. 
Based on the observations made of the grout stress profiles in the numerical models, a 
variety of stress profiles along the brace footprint are encountered depending on the 
pile stiffnesses; while the grout stress profiles along the meridian are fairly consistent. 
Rather than considering the grout stress profiles at both locations in equation (6-14), 
condition (7-6) can be simplified by ignoring the grout at the meridian: 





1M ⋅⋅= ; and 0M meridiang =     (7-7) 


































⋅⋅+⋅⋅=⋅   
          (7-8) 
It must be noted that both equations (6-15) and (7-8) are the same mathematical 
expression. Hence, using equations (6-16) and (6-17) into (7-8), the equivalent 
thickness eqt  is then: 
( ) ( )
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With the pile wall taking only bending, the equivalent thickness can be computed by 
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assuming appropriate values of gx  & p along the brace footprint. In the case of DSG 
X-joints under brace axial compression, the appropriate values can be found by force 
equilibrium of the compressive force along the meridian and the brace load. In the case 
of DSG X-joints under brace axial tension, all the brace loading go into the chord wall 
along the brace footprint, and force equilibrium would not be able to yield possible 
values. Hence, values of gx  & p  have to be choosen in order to fit the predictions to 
the test and experimental data. Since, the maximum compressive stress of the grout 
is cF0.1 ⋅ , p  is set to 1. Several values of gx  are examined. Table 7-1 shows the 
combinations of gx  & p  studied. 
Table 7-1: xg and p for triangular stress block in grout; brace axial tension 
=p  1.0 
=gx  0.2 0.5 0.8 
 
The computed eqt  is then used to calculate joint strength using the appropriate strength 
factors, uQ  i.e. equation (7-1). 
7.3.5 Final Equations 
In the Mixed Formulation, the governing joint strength is taken as the lower of the 
Punching Shear (PS) and Modified Equivalent predictions (Modified Teq). The 
Punching Shear is given by equation (2-1). For the Modified Equivalent formulation, 
equation (7-1) is the joint strength making use of the same AS strength factors, but 
using the modified equivalent thickness ( eqt ) which is found from equation (7-9).  
The point of intersection of the two formulations represents the change in assumed 
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failure modes; rather than capturing the gradual change in joint behavior and failure 
mode. 
 
7.4 CONTINUUM DAMAGE MECHANICS; CHEN (2010) 
Experimental results show that the joint strengths of most DSG X-joints in the 
experiments are taken at the PDL; even for the only DSG X-joint that exhibit FG joint 
behavior and strength. However, since the final failure is still chord fracture at the 
saddle location, it is important to incorporate ductile fracture for the numerical 
parametric studies. This is to ensure that any crack initiation before the deformation 
limit can be accounted for. 
Chen (2010) pioneered the use of the Continuum Damage Mechanics (CDM) model 
for use of prediction of crack initiation in the chord wall. In the CDM, material damage 
leading up to final fracture, is represented by a scalar quantity ranging from 0d s =  (no 
damage) to 1d s =  (full damage). When damage starts to occur at a material point, the 
Cauchy stress is no longer the true stress. Damage reduces effectively the load carrying 
area of the material. The actual (or effective) stress experienced by the material with 





=σ            
The CDM model used by Chen was based on the damage model developed by 
Lemaitre (1985). There are 3 important aspects of the CDM model: damage initiation, 
damage evolution, and final failure at the material point of consideration. For the 
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detailed theoretical background of the CDM, one can look up Lemaitre (1985). 
Damage Initiation 
In the Lemaitire model, damage initiation occurs when the effective plastic strain at the 
material point reaches a threshold strain: 
pl
0,d
pl ε=ε  
pl
0,dε  is the threshold plastic strain for damage initiation under uniaxial tensile stress 
state. In the Leimatre model, the threshold plastic strain for damage initiation under 
multi-axial stress state is related to pl0,dε  by a stress triaxiality function: 
















 η⋅υ⋅−⋅+υ+⋅⋅ε=η⋅ε=ε     (7-10) 
where the stress triaxiality, η  is the ratio of hydrostatic stress over von-Mises stress: 
eqh σσ=η . υ  is the Poisson’s Ratio of steel. In the uniaxial stress state ( 31=η ), the 
stress triaxiality function becomes: ( ) 131f ==η . 
Damage Evolution 
Chen (2010) uses a linear evolution law (with respect to the plastic displacement) for 
the damage evolution after the onset of damage initiation. In ABAQUS, the plastic 
displacement is defined as: 
plLu ε⋅=  
where L , the characteristic length of the solid element, is the cube root of element 
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length x height x width.  
In the linear evolution law, damage under a constant stress triaxiality state is 




=           (7-11) 
where fu η  is the plastic displacement corresponding to 1d s = . Like for the threshold 
plastic strain, the plastic displacement for a particular stress triaxiality state is 
expressed by the same triaxiality function in the Lemaitre model: 
















 η⋅υ⋅−⋅+υ+⋅⋅=η⋅=      (7-12) 
f
0u  is the plastic displacement at 1d s =  under uniaxial tensile stress ( 31=η ). Hence, 
using quotient rule on equation (7-11), the damage evolution under changing stress 



















        (7-13) 
In ABAQUS, the default opinion only allows for damage evolution under constant 











Failure at the material point in consideration occurs when damage reaches a critical 
value fss dd = . In ABAQUS Explicit, crack initiation in the material is represented 
by element removal, occurring when fsd  is reached at all integration points within the 
element. 
The constants, fsd , 
pl
0,dε  and 
f
0u  are the material parameters for the CDM model. The 
procedures, similar to those used by Chen (2010), for incorporating of the CDM model 
into finite element analyses of X-joints are described briefly in the following sections: 
7.4.1 Determination of CDM Parameters from Coupon Tests 
For each of tube section which the chords were fabricated from, corresponding 
coupons had been cut out for uniaxial tensile tests to obtain the stress-strain plots. The 
typical engineering stress ( engσ  vs ε ) and true stress ( σ  vs ε ) curve is shown in 
Figure 7-11. Damage is considered to initiate when necking of the coupon specimen 
occurs. Upon necking, the calculated true stress is not representative of the actual 
stress experienced by the material under damage. Thus, an empirical curve is needed to 
represent the true stress curve after necking. A power law i.e. equation (5-2) is used for 
the entire true stress curve beyond necking: 
 
mk ε⋅=σ           (5-2) 
Necking is considered to occur at the maximum engineering stress, and the 
corresponding strain is then pl0,dε . The portion of the true-stress curve before 
pl
0,dε  is 
used to fit the power law curve. 
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 engineering stress - strain
 true stress - strain
 true stress - strain (power law)
 
Figure 7-11: Point of necking in a typical stress-strain curve from coupon tests 
Finite element models of the steel coupons are built in order to find the required 
material parameters by means of reproducing the stress-strain plot under uniaxial 
tension. Since, both f0u  and 
f
sd  are sensitive to the size of the element used in the 
modeling, it is important to use the same element size for both the X-joints and the 
corresponding coupon specimen from which the material parameters for the CDM are 
obtained. Due to symmetry in loading and geometry, only a one-eighth model is 
required; see Figure 7-12. 
 
(a) Coupon from t0=7.5mm chord  (b) Coupon from t0=12.0mm chord 





The effects of f0u  and 
f
sd  on the stress-strain plot of uniaxial tensile test are illustrated 
in Figure 7-13. f0u  affects the path of damage evolution. In the uniaxial stress state, the 
effect of f0u  is obvious in the stress-strain curve of the coupon test: a smaller 
f
0u  will 
produce a steeper softening curve after necking; see Figure 7-13 (a). Once a suitable 
f
0u  is obtained, various values of 
f
sd  are tried so that the element removal in the finite 
element model corresponds to the point of rupture in the actual coupon test; see Figure 
7-13 (b).  

















 engineering stress - strain
 u0
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(a) Effect of f0u  for 0.1d fs =  




























=0.2       
 
(b) Effect of fsd  for 0.7u f0 =  
Figure 7-13: Calibration of CDM parameters ( f0u  & fsd ) with coupon tensile test 
Figure 7-14 shows the mesh refinement needed in the X-joint models to incorporate 
the required element size for CDM. Since crack initiation in the chord wall always 
occur at saddle next to the weld toe, mesh refinement is done along the brace-chord 
intersection. Eight and twelve layers of elements are needed for the 7.5mm & 12.0mm 
thickness chord walls repectively. This corresponds to element size of L=0.94mm & 




Figure 7-14: Mesh refinement to incorporate required element size for CDM 
It is expected that the stress in the chord wall will be multi-axial. By examining the 
element at the expected point of crack initiation, the most severe stress triaxiality is 
observed to be occurring at the node just below the weld toe. The stress triaxialities at 
this node for various X-joints (FG, AS & DSG X-joints) are fairly constant ( 0≈η& ) 
after certain amount of loading; see Figure 7-15. 


























 XG-0.7-57-T        X-0.7-57-T
 XP-0.7-57-25-T   XP-0.7-57-33-T   XP-0.7-57-65-T
 XP-0.4-57-33-T
 
Figure 7-15: Stress triaxiality at the saddle location of the X-joints under brace axial 
tension 
Stress triaxiality reaches to an average of 1.1=η . Hence, the f0u  obtained from the 
Location of most severe 





coupon tests have to be converted to f 1.1u =η  for the X-joints using equation (7-12). 
Table 7-2 & Table 7-3 summarize the material parameters for CDM of the X-joints 
from Series 1 and 2 respectively. 























0.94 0.23 6.83 0.175 3.0 0.15 
324 12.0 XG-0.7-26-T X-0.7-26-T 1.0 0.20 6.81 0.168 6.5 0.06 


















0.94 0.21 6.79 0.176 21.6 0.025 
324 12.0 XP-0.7-26-39-T 1.0 0.21 6.76 0.177 21.6 0.025 
 
From the CDM material parameters in both Tables, the steel from Series 2 show more 
gentle softening (higher f 1.1u =η ), but able to withstand much less damage (lower fsd ). 
The fsd  values obtained in Series 1 are more consistent with the values encountered in 
steels: 2.0~1.0d fs = ; Lemaitre (1985). In order to assess the suitability of which 
parameter set to use for the numerical parametric studies, sensitivity studies are done 




7.4.2 Crack Initiation in X-joints 
Chen (2010) had demonstrated that the suitability of linear damage evolution for 
prediction of Pcrack in FG X-joints, using C3D8 and C3D8I elements for the FG and AS 
X-joints respectively. Following the same calibration procedure using the C3D8I 
elements, the CDM parameters obtained in Table 7-2 are able to predict Pcrack for both 
FG and AS X-joints; see Figure 7-16, Figure 7-17 & Figure 7-18. 















 XG-0.7-57-T :  crack initiation
 FE (Series 1) :  crack initiation
 
(a) XG-0.7-57-T 















 X-0.7-57-T :    crack initiation
 FE (Series 1) :  crack initiation
 
(b) X-0.7-57-T 
Figure 7-16: Pcrack for FG (left) and AS (right) X-joints; 2γ=57.1 (d0=457mm & 
t0=7.5mm) 















 XG-0.7-41-T :  crack initiation
 FE (Series 1) :  crack initiation
 
(a) XG-0.7-41-T 















 X-0.7-41-T :    crack initiation
 FE (Series 1) :  crack initiation
 
(b) X-0.7-41-T 



















 XG-0.7-26-T :  crack initiation
 FE (Series 1) :  crack initiation
 
(a) XG-0.7-26-T 















 X-0.7-26-T :    crack initiation
 FE (Series 1) :  crack initiation
 
(b) X-0.7-26-T 
Figure 7-18: Pcrack for FG (left) and AS (right) X-joints; 2γ=25.9 (d0=324mm & 
t0=12.0mm) 
For the DSG X-joints, the numerical parametric studies (see Section 7.5) are grouped 
according to the chord diameter and material properties of the X-joints. For each group, 
one set of CDM parameters is applied to all the joints in order to comparison to be 
made within the group. For the [d0=324mm & t0=7.5mm] chord (XP-0.7-41-34-T), 
there is only 1 set of CDM parameters for all X-joints, and the CDM parameters are 
able to provide reasonable prediction for Pcrack; see Figure 7-19 (a). 















 XP-0.7-41-34-T:  crack initiation
 FE (Series 1) :    crack initiation
 
(a) XP-0.7-41-34-T 















 XP-0.7-26-39-T:  crack initiation
 FE (Series 1) :    crack initiation
 FE (Series 2) :    crack initiation
 
(b) XP-0.7-26-39-T 
Figure 7-19: Pcrack for DSG X-joints; 2γ=40.5 (d0=324mm & t0=7.5mm) and 2γ=25.9 
(d0=324mm & t0=12.0m) 
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There are 2 sets of CDM parameters (from Series 1 and 2) for both the [d0=324mm & 
t0=12.0mm] and the [d0=457mm & t0=7.5mm] chords. The numerical analyses on the 
associated DSG X-joints (XP-0.7-26-39-T, XP-0.7-57-25-T, XP-0.7-57-33-T, XP-0.7-
57-65-T, & XP-0.4-57-33-T) for these 2 chords show that the CDM parameters from 
the Series 1 coupons give better predictions; see Figure 7-19 (b), & Figure 7-20 (a), (b), 
(c), (d).  















 XP-0.7-57-25-T:  crack initiation
 FE (Series 1) :    crack initiation
 FE (Series 2) :    crack initiation
 
(a) XP-0.7-57-25-T 















 XP-0.7-57-33-T:  crack initiation
 FE (Series 1) :    crack initiation
 FE (Series 2) :    crack initiation
 
(b) XP-0.7-57-33-T 















 XP-0.7-57-65-T:  crack initiation
 FE (Series 1) :    crack initiation
 FE (Series 2) :    crack initiation
 
(c) XP-0.7-57-65-T 















 XP-0.4-57-33-T:  crack initiation
 FE (Series 1) :    crack initiation
 FE (Series 2) :    crack initiation
 
(d) XP-0.4-57-33-T 
Figure 7-20: Pcrack for DSG X-joints; 2γ=57.1 (d0=457mm & t0=7.5mm) 
Hence, all numerical parametric studies would use the CDM parameters from Series 1. 
Moreover, these are the parameters for the corresponding FG joints; any DSG X-joint 
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strength reaching the corresponding FG Pcrack can more reliably be predicted by the 
Series 1 CDM parameters. 
 
7.5 NUMERICAL PARAMETRIC STUDIES 
7.5.1 Material & Parameter Inputs 
In order to verify the predictions from the modified formulations, numerical parametric 
studies are done over the geometric parameters: β, 2γ, 2γg, & 2γp. The numerical 
parametric studies are grouped according to the chord section (with associated CDM 
parameters), and the corresponding joints; see Table 7-4, Table 7-5 & Table 7-6. The 
corresponding formulation predictions use the same inputs. Friction co-efficient of 
µ=0.6 is assumed in all numerical analyses.  
Table 7-4: Group 1 (d0=457mm & t0=7.5mm): material & geometric parameters 
Specimen β 2γ 2γg 2γp τ Fy0 (MPa) Fyp (MPa) Fc (MPa) 
XP-0.7-57-25-T 26.9 370 365 162 





370 380 162 
XP-0.4-57-33-T 0.43 
60.9 24.6 
34.7 1.6 390 360 162 
FE models 
0.2 ≤ β ≤ 0.9 
27 ≤ 2γ ≤ 81 
11 ≤ 2γg ≤ 30 
27 ≤ 2γp ≤ 100 
1.0 370 370 162 
Damage Parameters for CDM: m=0.2265, ln(k)=6.8507, pl0,dε =0.179, f 1.1u =η =2.6 & 
f
sd =0.15 




Table 7-5: Group 2 (d0=324mm & t0=7.5mm): material & geometric parameters 
Specimen β 2γ 2γg 2γp τ Fy0 (MPa) Fyp (MPa) Fc (MPa) 
XP-0.7-41-34-T 0.68 1.0 368 370 160 
XP-0.4-41-34-T 0.43 43.2 17.2 36.4 0.6 368 370 170 
FE models 
0.2 ≤ β ≤ 0.9 
28 ≤ 2γ ≤ 86 
11 ≤ 2γg ≤ 30 
27 ≤ 2γp ≤ 100 
1.0 370 370 165 
Damage Parameters for CDM: m=0.2342, ln(k)=6.8270, pl0,dε =0.175, f 1.1u =η =3.0 & 
f
sd =0.15 
Total FE models = 26 
Table 7-6: Group 3 (d0=324mm & t0=12.0mm): material & geometric parameters 
Specimen β 2γ 2γg 2γp τ Fy0 (MPa) Fyp (MPa) Fc (MPa) 
XP-0.7-26-39-T 0.68 27.0 10.9 40.8 1.3 360 370 173 
FE models 
0.2 ≤ β ≤ 0.9 
27 ≤ 2γ ≤ 81 
11 ≤ 2γg ≤ 30 
27 ≤ 2γp ≤ 100 
1.0 360 370 173 
Damage Parameters for CDM: m=0.1990, ln(k)=6.8050, pl0,dε =0.168, f 1.1u =η =6.5 & 
f
sd =0.06 
Total FE models = 13 
 
Joint strength in the numerical analyses is taken as either at the load at first element 
removal, or the load at the deformation limit (2δ=0.06d0) if the element removal occurs 
after the deformation limit. 
7.5.2 External Experimental Data 
In addition to the test data from NUS, test results from external references will also be 
compared with the formulations: DNV (1984) and Trinh et al. (1994). The results and 
properties for the DSG X-joints under brace axial tension are listed in Table 7-7. 
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Table 7-7: Experimental data (brace axial tension) for comparison 
Geometric Parameters Material Properties 







NUS (2009 & 2011): 7 specimens  
XP-0.7-57-25-T 457 0.71 60.9 24.6 26.9 370 365 162 2171 
XP-0.7-57-33-T 457 0.71 60.9 24.6 34.7 390 385 198 1746 
XP-0.7-57-65-T 457 0.71 60.9 24.6 65.5 370 380 162 1273 
XP-0.4-57-33-T 457 0.43 60.9 24.6 34.7 390 360 162 1033 
XP-0.7-41-34-T 324 0.68 43.2 17.2 36.4 368 370 160 1308 
XP-0.4-41-34-T 324 0.43 43.2 17.2 36.4 368 370 170 817 
XP-0.7-26-39-T 324 0.68 27.0 10.9 40.8 360 370 173 1998 
DNV (1984): 4 specimens 
PP1-1 298 0.51 41.4 8.78 26.3 355 355 60 775 
PP2-X3 291 0.75 42.0 9.5 24.9 368 368 60 981 
Trinh et al (1994): 2 specimens 
A1 508 0.41 53.5 11.8 46.1 245 245 30 1100 
A2 508 0.41 53.5 11.8 46.1 245 245 75 1696 
 
In the DNV (1984) tests, a total of 9 DSG X-joints were tested under brace axial 
tension. However, only 2 joints are selected for comparison. The other joints are not 
selected because these specimens were not intended to be loaded to punching shear 
load level, and no failure or yielding has been observed. Of the 2 selected joints, PP1-1 
was the only joint loaded until chord fracture occurred. PP1-1 had been loaded in brace 
axial compression before the load was reversed for brace axial tension. PP2-X3 was 
loaded until observable chord yielding was observed. 
Joint fracture was observed in Trinh et al. (1994)’s DSG X-joints. Both A1 and A2 
have the same dimensions but different grout strength; A2 was grouted with high 
strength material. It must be noted that the pile and grout was only 0d0.3 ⋅  in length, 
and the grout was confined at the ends with diaphram rings welded to the chord and 
pile. 
The grout materials used by DNV and Trinh are high strength and normal strength 
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concrete. These materials display more non-linearity than the ultra-high strength grout 
used in the current tests. 
7.5.3 Influence of 2γp & 2γg 
Figure 7-21 and Figure 7-22 compares the test and numerical results with the 
formulations related to 2γp & 2γg respectively. The ISO (2007) Equivalent Thickness 
formulation (ISO-Teq), Punching Shear (PS) and Modified Equivalent Thickness 
(Mod-Teq) predictions (with grout stress profiles in Table 7-1) are plotted along side 
the Mixed Formulation. 
The governing formulation in the Mixed Formulation is affected by both the pile and 
grout stiffnesses (2γp & 2γg). Generally, for a given chord and brace, the punching 
shear strength governs the DSG X-joint at low 2γp or 2γg ratios. This is expected 
because with either stiffer pile or grout, the resistance of the double-skin to chord 
ovalization increases, and more localized chord deformation around the brace-chord 
intersection occurs. Failure would tend towards the punching shear type failure. Since 
the Punching Shear equation (2-1) is only a function β and 2γ, it does not account for 
the increase in strength due to further localized chord deformation when the pile or 
grout gets stiffer; there are under-predictions at very low 2γp & 2γg ratios for all the 
results presented here. 
At large 2γp & 2γg ratios, the Mod-Teq formulation governs the joint strength. When 
the pile and grout layer stiffnesses are low, the resistance to chord ovalization 
decreases. With more ovalization and bending, the chord plastification patterns 
approach that of the corresponding AS joint. Although the load transfer along the 
brace-chord intersection is mainly shear, the Punching Shear over-predicts the strength 
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at large 2γp & 2γg ratios. This is because with increasing chord ovalization the load 
transfer along the brace-chord intersection becomes more non-uniformly distributed 
with more load transfer at the saddle. 
On the other hand, the Mod-Teq formulation over-predicts the strength at low 2γp & 
2γg ratios. The Equivalent Thickness approach converts the double-skin into an 
equivalent chord that is supposed to behave like a normal AS X-joint; bending with 
plastic hinges along the meridians. However, chord plastification in the DSG X-joint 
does not display such mechanisms at low 2γp & 2γg ratios. 
In the Mod-Teq formulation, the grout stress profile affects the predictions. The 3 
stress profiles examined here differ only in the portion of grout thickness in 
compression. With a thicker portion in compression, the grout layer itself contributes 
more to the bending capacity of the double-skin. More importantly, this increases the 
bending capacity from the force couple. This difference is significant for the DSG X-

























 XP-0.7-57-25-T, XP-0.7-57-33-T & XP-0.7-57-65-T




(i) xg=0.8     (ii) xg=0.5     (iii) xg=0.2
 
(a) Group 1 (d0=457mm & β=0.7) 



















 FE (β=0.68, 2γ=43.2, 2γg=17.2)
 Mixed Formulation
 Punching Shear     Mod-Teq
 (b) Group 2 (d0=324mm & β=0.7) 


















 FE (β=0.68, 2γ=27.0, 2γg=10.9)
 Mixed Formulation
 Punching Shear     Mod-Teq
 (c) Group 3 (d0=324mm & β=0.7) 


















 FE (β=0.71, 2γ=60.9, 2γg=24.6)
 Mixed Formulation
 Punching Shear     Mod-Teq
 (d) Group 1 (d0=457mm & β=0.4) 


















 FE (β=0.43, 2γ=43.2, 2γg=17.2)
 Mixed Formulation
 Punching Shear     Mod-Teq
 (e) Group 2 (d0=324mm & β=0.4) 
Figure 7-21: Joint strength (test and numerical) with formulation predictions versus 2γp; 
under brace axial tension 
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(i) xg=0.8     (ii) xg=0.5     (iii) xg=0.2
 




















 FE (β=0.71, 2γ=60.9, 2γp=65.5)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(a) Group 1 (d0=457mm & β=0.7); 2γp=34.7 (left) & 65.5 (right) 


















 FE (β=0.68, 2γ=43.2, 2γp=36.4)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(b) Group 2 (d0=324mm & β=0.7) 


















 FE (β=0.68, 2γ=27.0, 2γp=40.8)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(c) Group 3 (d0=324mm & β=0.7) 

















 FE (β=0.71, 2γ=60.9, 2γg=34.7)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(d) Group 1 (d0=457mm & β=0.4) 


















 FE (β=0.43, 2γ=43.2, 2γp=36.4)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(e) Group 2 (d0=324mm & β=0.4) 
Figure 7-22: Joint strength (test and numerical) with formulation predictions versus 2γg; 
under brace axial tension 
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7.5.4 Influence of β & 2γ 
Since the Mixed Formulation predicts most closely to the test and numerical data with 
grout stress profile of 0.1p =  & 8.0x g = , these values would be used in the plots for 
2γ & β.  
For the β ratio, usually one formulation governs over the entire range of β ratios. The 
linear trends in strength along small to mid value β ratios are well captured by both 
formulations; see Figure 7-23. For β>0.7~0.8, there are some under-predictions. 
The effect of 2γ is the opposite of those of 2γp & 2γg: Punching Shear formulation 
governs strength at high 2γ ratios, and Mod-Teq at the low 2γ ratios; see Figure 7-24. 
Since both the pile and grout resists chord ovalization, a ‘stronger’ chord (stiffer with 
lower 2γ ratios) relative to the underlying grout and pile means that resistance to chord 
ovalization is less. On the other hand, ovalization of a ‘weaker’ chord (high 2γ ratios) 


















 Test (2γ=60.9, 2γg=24.6, 2γp=34.7)
 FE (2γ=60.9, 2γg=24.6, 2γp=34.7)
 Mixed Formulation
 Punching Shear
 Mod-Teq (p=1.0 & xg=0.8)
 
(a) Group 1 (d0=457mm) 
















 Test (2γ=43.2, 2γg=17.2, 2γp=36.4)
 FE (2γ=43.2, 2γg=17.2, 2γp=36.4)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(b) Group 2 (d0=324mm) 

















 FE (2γ=27.0, 2γg=10.9, 2γp=40.8)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(c) Group 3 (d0=324mm) 
Figure 7-23: Joint strength (test and numerical) with formulation predictions versus β; 




















 FE (β=0.71, 2γg=24.6, 2γp=34.7)
 Mixed Formulation
 Punching Shear
 Mod-Teq (p=1.0 & xg=0.8)
 

















 FE (β=0.71, 2γg=24.6, 2γp=65.5)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(a) Group 1 (d0=457mm & β=0.7); 2γp=34.7 (left) & 65.5 (right) 
















 FE (β=0.68, 2γg=17.2, 2γp=36.4)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(b) Group 2 (d0=324mm & β=0.7) 
















 FE (β=0.68, 2γg=10.9, 2γp=40.8)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(c) Group 3 (d0=324mm & β=0.7) 


















 FE (β=0.71, 2γg=24.6, 2γp=34.7)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(d) Group 1 (d0=457mm & β=0.4) 
















 FE (β=0.43, 2γg=17.2, 2γp=36.4)
 Mixed Formulation
 Punching Shear     Mod-Teq
 
(e) Group 2 (d0=324mm & β=0.4) 
Figure 7-24: Joint strength (test and numerical) with formulation predictions versus 2γ; 
under brace axial tension 
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7.6 COMPARISON WITH CURRENT GUIDANCES 
The trends in the various predictions are more clearly shown when they are plotted 
against the corresponding test and numerical results; see Figure 7-25, Figure 7-26 & 
Figure 7-27 for comparison with current guidances; and Figure 7-28, Figure 7-29 & 
Figure 7-30 for comparison with the new formulations. 
Significant under-prediction and large scatter when IS0-AS predictions are compared 
with the test and numerical results; see Figure 7-25 (a). Figure 7-25 (b) shows that the 
under-predications and scatter mainly occur for large 2γ ratios because the 
contributions of pile and grout to DSG joint strength become more apparent when the 
chord wall gets thinner. The under-predictions and scatter are evenly distributed across 
2γg; see Figure 7-25 (c). When the comparisons are made with 2γp, the effect of pile 
contribution to the strength is apparent; see Figure 7-25 (d). 
Compared to the ISO-Teq formulation, there are also significant under-predictions and 
scatter; see Figure 7-26. There is no obvious trend of the scatter when plotted against 
the 2γ ratio. When plotted against 2γg, the under-predictions are mainly at low 2γg 
ratios. This is expected since the ISO-Teq does not take into account the contribution 
of grout to the bending capacity of the double-skin. Conversely when plotted against 
2γp, the under-predictions are mainly at high 2γp ratios. This is because when the pile 





















































































(d) Ratio (result : predictions) versus 2γp 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 7-25: Comparison of DSG X-joint results (numerical and test) under brace axial 



















































































(d) Ratio (result : predictions) versus 2γp 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 7-26: Comparison of DSG X-joint results (numerical and test) under brace axial 
tension with ISO-Teq 
Figure 7-27 shows the comparisons for the FG X-joint formulation, equation (4-3) (or 
NF2) by Chen (2010) and the current grouted joint formulation (API-G) from API-
RP2A (2007). Since NF2 is for FG X-joints, there are some over-predictions. The API-







































(b) Results versus API-G 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 7-27: Comparison of DSG X-joint results (numerical and test) under brace axial 
tension with NF2 & API-G 
 
7.7 COMPARISON WITH MIXED FORMULATION 
Figure 7-28 & Figure 7-29 show comparisons for the individual formulations in the 
Mixed Formulation. Both Punching Shear (PS) and the Modified Equivalent Thickness 
(Mod-Teq) formulations over-predict strengths.  
For the PS, the over-predictions are scattered over low to mid 2γ ratios and high 2γp & 
2γg ratios. This is expected because these geometric parameter ranges correspond to 
the joint behavior with chord ovalization dominating. For the Mod-Teq ( 0.1p =  & 
8.0x g = ), the over-predictions are scattered over mid to high 2γ ratios and low 2γp & 
2γg ratios. At these geometric parameter ranges, the double-skin is effective in resisting 
ovalization. 
There are 1 and 2 external reference data points, respectively in Figure 7-28 & Figure 
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7-29, which are higher than the rest of the data points. These correspond to the Trinh et 
al (1994) experiments. The probable reason is that the grout has been confined at the 












































































(d) Ratio (result : predictions) versus 2γp 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 7-28: Comparison of DSG X-joint results (numerical and test) under brace axial 














































































(d) Ratio (result : predictions) versus 2γp 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 7-29: Comparison of DSG X-joint results (numerical and test) under brace axial 
tension with Mod-Teq 
 
Figure 7-30 (a) shows that the Mixed Formulation ( 0.1p =  & 8.0x g = ) predicts the 
strength of DSG X-joint more closely than the current guidances and the individual 
formulations. Generally, the formulation under-predicts the numerical data and the 
NUS test data with slight conservativeness. Most of the under-predictions are scattered 
at low 2γp & 2γg ratios. At these ratios where the PS formulation governs, the under-
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predictions are mainly due to the inability of the PS formulation to take into account 
the strength increase beyond the punching shear because of increasing membrane 
action along the brace-chord intersection. 
Two data points from Trinh et al. (1994) are consistently higher than the rest because 
of additional beneficial effect to the grout from confinement. The formulation over-
predicts the the DNV (1984) experiments. It must be noted that in the DNV tests, only 
one specimen (PP1-1) was loaded until chord fracture. 
Table 7-8 summarizes the improvements of the Mixed Formulation over the current 
guidance. The accuracy of the Mixed Formulation varies with the assumed stress 
profile in the grout. For the purpose of illustration, a reduced grout stress profile 
( 1.0p =  & 1.0x g = ) shows that Mixed Formulation prediction would revert back to 
















































































(d) Ratio (result : predictions) versus 2γp 
Legend 
NUS: NUS testdata (2009 & 2011) 
Ref: External testdata from DNV (1984) and Trinh et al. (1994) 
Figure 7-30: Comparison of DSG X-joint results (numerical and test) under brace axial 
tension with Mixed Formulation 
Table 7-8: Comparison of formulation predictions with test results; brace axial tension  
Formulation p xg 




ISO-Teq - - 2.07 0.56 
API-G - - 1.60 0.27 
0.8 1.19 0.10 
0.5 1.28 0.12 1.0 
0.2 1.54 0.23 Mixed Formulation 
0.1 0.1 2.03 0.52 
#




The numerical models show that both ovalization characteristics and plastifications of 
the DSG X-joint under brace tension vary between the corresponding FG and AS 
chords. The Mixed Formulation, consisting of the Punching Shear and Modified 
Equivalent Thickness, predicts the DSG joint strength at 2 different assumed joint 
behavior and failure. The new formulation illustrates how the relative stiffnesses of the 
double-skin components (2γ, 2γg & 2γp) affect joint behavior and strength. 
Table 7-9 summarizes the final equations for the Mixed Formulations. Equation (2-1) 
is the Punching Shear equation. The Modified Equivalent Thickness uses the same 
strength factors as the corresponding AS X-joint: equation (7-1). Based on the assumed 
stress profiles at the bottom of the table, the equivalent thickness can be expressed 
explicitly by equation (7-9), and the corresponding 0x  value at the chord wall can also 
be found by equation (6-21). 
It must be noted that the assumed grout stress profiles are based on the observed 
stresses in the numerical models. These are based on numerical analyses using the 
ABAQUS Concrete Damaged Plasticity Model, and that the numerical analyses are 
using the properties and parameters specific to ultra high-strength grout material. 
Although the Mixed Formulation is giving better predictions than the current ISO-Teq 
and API-G predictions, caution has to be exercised when generalizing these 
assumptions to other grout types; or for other loading effects (chord stress or cyclic 
loading). 
It must be noted that the resulting stress profiles observed in the double-skin 
configuration are also dependent on the assumed frictional behavior. This affects the 
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degree of composite action at the interfaces, and may be important when the DSG X-
joint approaches AS behavior. Hence, caution must be exercised when the modified 
formulations are applied to any combination of grout-steel with significantly different 
frictional characteristics at the interfaces. 
 
Table 7-9: Modified Formulations for DSG X-joints under brace axial tension 
Mixed Formulation  
is taken as the lower of:  
(a) Punching Shear  
2
00yau tFk3
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(b) Modified Teq  
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8.1 SUMMARY OF CURRENT RESEARCH 
Thirteen DSG X-joints have undergone ultimate static strength (Eight under brace 
axial tension and five under brace axial compression). The specimens are chosen so 
that joint behavior and strengths can be compared across loading type (tension versus 
compression), important geometric parameter (particularly the stiffness of the double-
skin components), and with the corresponding AS and FG X-joints. 
Test results show that formulations in current guidance give predictions that err 
significantly on the conservative side. The API grouted joint formulation (API-G) for 
grouted joints under brace axial tension, is modified from the original punching shear 
equation by assuming a reduced shear strength of the chord wall material ( 0yF4.0 ⋅  
rather than Fy0/√3). However, joint strengths of most DSG X-joints under brace axial 
tension do support the use of the original Punching Shear formulation (PS). 
For the DSG X-joints under brace axial compression, the ISO Equivalent Thickness 
formulation (ISO-Teq) provides prediction using the original AS strength factors by 
converting the double-skin into an equivalent chord. The equivalent thickness is 
calculated based on the plastic bending capacities of the chord and pile wall; the grout 
does not contribute to the bending capacity in any way. 
From experimental observations, there are some significant differences when the DSG 
X-joint is loaded under brace axial tension and compression. For the DSG X-joint 
under brace axial compression, the ovalization characteristic does not change with the 
underlying pile stiffnesses. When under brace axial compression, only part of the axial 
compression is transmitted into the chord wall, with the rest of the brace loading 
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going into the pile and grout directly beneath. The pile and grout ovalize with the 
chord in order to resist the incoming brace axial compression. Finite element models 
show that both chord ovalization and plastification are similar to the corresponding AS 
X-joints; and joint strength and ductility is governed by grout failure. Due to the 
similarity in joint behavior with the corresponding AS X-joint under brace axial 
compression, AS formulations can be modified take into account the contribution of 
grout to the bending capacity of the double-skin: Modified Ring Model formulation 
and Modified Equivalent Thickness formulation for the DSG X-joint under brace axial 
compression. 
For the DSG X-joint under brace axial tension, the brace tension is transmitted into the 
chord; and both the pile and grout act as resistances to chord ovalization. DSG X-joint 
behavior varies from those observed in the FG joint (when pile stiffness is sufficiently 
high) to those observed in the AS joint (when pile stiffness is sufficiently low). At high 
pile stiffness, chord ovalization is significantly reduced, and chord deformation 
becomes localized around the brace-chord intersection. Joint failure is tending towards 
the punching shear type failure. When pile stiffness is low, chord ovalization is close 
to the corresponding AS joint ovalization. Finite element models show that the chord 
plastification, and hence the load transfer across the X-joint, also varies between those 
observed in the FG and the AS joints. 
Since the joint behavior and failure under brace axial tension changes with the relative 
stiffness of the double-skin components, a Mixed Formulation, consisting of the 
Punching Shear and Modified Equivalent Thickness, predicts the joint strength for 
different assumed failure modes. At relative high pile or grout stiffness (or low chord 
stiffness), the Punching Shear governs, with behavior tending towards FG joint. 
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At relative low pile or grout stiffness (or high chord stiffness), the Modified Equivalent 
Thickness governs, with behavior tending towards AS joint. 
Coupled with current and external test data, numerical parametric studies have been 
done to verify the new formulations across the main joint geometric parameters of β, 
2γ, 2γp & 2γg. 
 
8.2 FUTURE DIRECTIONS FOR RESEARCH 
8.2.1 Different grout types 
Only properties of the ultra-high strength grout have been examined in detail. Unlike 
the ultra-high strength grout, the normal and high strength cementitious materials tend 
to display more non-linear stress-strain behavior. The use of normal and high strength 
materials may have significant effect to joint stiffness and strength because the stress 
profiles in the grout layer is dependent on the grout compressive strength, degrees of 
strain-hardening and strain-softening, and the amount of volumetric plastic strains 
increment. In addition, many of the material parameters in the Concrete Damaged 
Plasticity model maybe different for grout of different strengths and stiffnesses. 
The equations of the Modified Ring Model and Modified Equivalent Thickness 
formulations are based on the assumptions of triangular stress profile in the grout. 
These maybe different if normal strength and high strength materials are used; stress 
blocks of the grout is more likely to be rectangular than the triangular ones assumed 
for the ultra-high strength grout. The exact mathematical forms will be different for 
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different assumed stress profiles in the grout layer. 
8.2.2 Other Joint types 
The X-joint is considered to be the simplest joint type in terms of both geometry and 
loading. For the DSG X-joints, joint behavior and failure are shown to be dependent on 
the loading type (compression versus tension). The dependency of DSG joint behavior 
on loading type may also be present in the T/Y-joints. For the multiplanar X-joints 
with both brace axial tension and compression, it will be interesting to see which 
loading type governs joint behavior and failure. As mentioned earlier, for both 
designers and operators, studies on K-joints are more relevant for the double-skin 
grouted joints. In the K-joint, both brace axial tension and compression are present in 
the incoming braces. Joint failure could be either chord punching shear at the tension 
brace, chord ovalization at the compression brace, or chord stress between the braces. 
From a speculative point of view, if similar dependency on loading type (compression 
versus tension) is observed in the other DSG joint types (X-, T/Y- or K-), it is possible 
to extend the Modified Equivalent Thickness and Mixed Formulations approaches to 
DSG joints under brace axial compression and tension respectively. An examination of 
the Modified Equivalent Thickness equations for DSG X-joint under compression 
(equation (6-22)) and tension (equation (7-9)) shows that both equations have the same 
mathematical forms. The only difference is that the x0 (the proportion of the chord wall 
thickness in compression) and xg (the proportion of the grout layer in compression) are 
applied at the meridian locations for the DSG X-joint under compression, and at the 
saddle locations for the DSG X-joint under tension. Substituting the assumption of 










































          (8-1) 
Equation (8-1) can be simplified further using equation (6-21), and be expressed only 




























































   (8-2) 
Different values of xg are used in equation (8-2) for the Modified Equivalent Thickness 
in the DSG X-joint depending on the loading type (compression versus tension). It is 
speculated that the same approach can be extended to other DSG joint types (X-, T/Y- 
or K-) by making equation (8-2) empirical: values of xg for different combinations of 
DSG joint type and loading can be obtained from experimental and numerical results. 
However, it must be noted that the assumption of triangular stress profile in the grout 
is implicit in equation (8-2). 
Of the 4 terms in equation (8-2), the first and second terms are associated with the 
chord and pile thicknesses. The constant xg only affects the third and forth terms. The 
third term is associated with the grout layer, and the forth term can be seen as a cross 
term that arises due to the force couple effect in the chord wall and grout layer. 
Equation (8-2) can be generalized and simplified further for empirical formulation by 
replacing the parts containing the constant xg in the third and forth terms with 
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      (8-3) 
Without the implicit assumption of any stress profile in the grout, it is suggested that 
equation (8-3) is a more suitable form for empirical formulation than equation (8-2). 
Hence, for each combination of joint type and loading type, the constants A1 and A2 
can be obtained empirically by experimental and numerical results for DSG joints with 
grout materials of different strengths. 
8.2.3 Chord stress effects 
In both the API and ISO guidances, the chord stress effect (due to primary member 
forces) has not been addressed specifically to grouted joint strength. Only the original 
chord stress factors for the AS joints are available. In the AS joints, the presence of 
chord stress reduces the chord’s capacity to resist incoming brace load against 
plastification. In addition to plastification, tensile chord stress is more severe to 
fracture resistance due to higher tensile hydrostatic stress in the chord. On the other 
hand, compressive chord stress reduces the local buckling capacity of the steel wall. 
When considering the strength of grouted joint under the effects of primary member 
forces, it is important to consider how these primary forces are being analyzed for and 












Figure 8-1: Possible scenarios for primary chord and pile loading 
In the case of composite action in the cross-section (Figure 8-1 (a) & (c)), the resulting 
chord stress is lower; less detrimental to the chord wall. However, how the primary 
member forces in the pile and grout affect the DSG joint strength needs to be examined.  
The effect of the primary member forces on the double-skin maybe different for 
different double-skin components. Primary member forces which are compressive in 
nature, may increase grout confinement and grout strength, while primary member 
forces tensile in nature, may reduce grout strength due to tensile cracking. For the 
chord, the compressive primary member force may not have any detrimental effect to 
joint strength because local buckling has already been reduced by the presence of grout. 
For the pile where bending is the dominate action contributing to joint strength, both 
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A.1 EQUATIONS FOR CONCRETE STRESS-STRAIN 
Current testing conditions are inadequate to obtain the entire stress-strain curves for 
both compression and tension. For the axial compressive tests, only the material 
properties up to the compressive strength can be obtained i.e. compressive yield stress, 
elastic modulus, compressive strength, and Poisson Ratio. Due to the ultra-high 
strength and stiffness of the D4 grout, the test equipments are not able to provide high 
enough stiffness to obtain the strain-softening portions of the stress-strain curves; and 
upon reaching the compressive strength, the test cylinder fails in a sudden and brittle 
manner. As a result, the strain-softening portion has to be assumed. 
The linear elastic portion of the uniaxial compressive stress-strain curve was observed 
to reach about 85~90% of the compressive strength  cF . After reaching the yield stress 
ycF , the strain hardening occurs. Two exponential decaying functions are used to 
model the strain-hardening and strain-softening portions of the stress-strain curve in 
compression: 





















































A , for cε>ε  
(A-1) 
 
The first portion of the stress-strain curve before yielding is the linear elastic stress-
strain relationship; equation (A-1a). From yielding ycF  to the compressive strength cF , 
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the strain-hardening portion stress-strain curve is modeled by equation (A-1b). 
Equation (A-1c) for the strain-softening portion has a similar form to equation (A-1b), 
but with an addition term, 
∞
σ . As an exponential decaying function, equation (A-1c) 
approaches asymptotically to 
∞
σ  as the strain increases. In an actual uniaxial 
compressive loading, the stress will soften to zero. However, in order to prevent 
convergence difficulties in the numerical analyses, 
∞
σ  is set to 5~10% of cF . 
The stress-strain curve is controlled by 6 constants: 1A , 1B , m , 2A , 2B  & n . The 
last constant n  is used to vary the steepness of the strain-softening portion, without 
changing the shape of the curve in the first 2 portions. Larger n  makes the strain-
softening steeper. The first five constant can be found by enforcing conditions of 
continuity between the 3 functions at the yield point ( cc F=σ  & cε=ε ) and 
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